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ABSTRACT 
The world is grappling with two serious issues related to energy and 
climate change. The use of solar energy is receiving much attention due to 
its potential as one of the solutions. Air conditioning is particularly 
attractive as a solar energy application because of the near coincidence of 
peak cooling loads with the available solar power.   
Recently, researchers have started serious discussions of using 
adsorptive processes for refrigeration and heat pumps.  There is some 
success for the >100 ton adsorption systems but none exists in the <10 ton 
size range required for residential air conditioning. There are myriad 
reasons for the lack of small-scale systems such as low Coefficient of 
Performance (COP), high capital cost, scalability, and limited performance 
data.  A numerical model to simulate an adsorption system was developed 
and its performance was compared with similar thermal-powered systems.  
Results showed that both the adsorption and absorption systems provide 
equal cooling capacity for a driving temperature range of 70-120 ºC, but 
the adsorption system is the only system to deliver cooling at temperatures 
below 65 ºC. Additionally, the absorption and desiccant systems provide 
better COP at low temperatures, but the COP’s of the three systems 
converge at higher regeneration temperatures. To further investigate the 
viability of solar-powered heat pump systems, an hourly building load 
simulation was developed for a single-family house in the Phoenix 
metropolitan area. Thermal as well as economic performance comparison 
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was conducted for adsorption, absorption, and solar photovoltaic (PV) 
powered vapor compression systems for a range of solar collector area and 
storage capacity.  The results showed that for a small collector area, solar 
PV is more cost-effective whereas adsorption is better than absorption for 
larger collector area. The optimum solar collector area and the storage size 
were determined for each type of solar system.  As part of this dissertation 
work, a small-scale proof-of-concept prototype of the adsorption system 
was assembled using some novel heat transfer enhancement strategies. 
Activated carbon and butane was chosen as the adsorbent-refrigerant pair. 
It was found that a COP of 0.12 and a cooling capacity of 89.6 W can be 
achieved.   
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Chapter 1: Introduction 
1.1. History and development of air conditioning & refrigeration 
technology and current challenges 
The pursuit of safe and comfortable living conditions has always 
been one of the main goals of the human race. Development of 
refrigeration and air conditioning has played a vital role in fulfilling this 
goal. The development and industrialization of the United States, 
especially the Southern states, would have never been possible without 
year-round control of the indoor environment. Although most of the 
United States population experienced a conditioned environment in the 
mid-to-late 20th century, the history of refrigeration and air conditioning 
is many centuries older.    
The Greek historian  Xenophon in his “Memorabilia” records some 
of the teachings of the Greek philosopher Socrates (470-399 BC) regarding 
correct orientation of dwellings to maintain houses cool in the summer 
and warm in winter [1]. Central heating was pioneered by the Romans 
using double floors through whose cavity the fumes of a fire were passed. 
Also, Romans were the first to use window glazing.  There is also some 
evidence that the Chinese, Indians, Jews, and Persians understood air 
conditioning concepts centuries earlier, but the first documented public 
demonstration of refrigeration phenomenon was given in 1756 by Mr. 
William Cullen, a Professor of Chemistry and Medicine at the University of 
Edinburgh [2] .  
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Mr. Cullen used a pump to create a partial vacuum over a container 
of diethyl ether, which then boiled, absorbing heat from the surroundings. 
This created a small amount of ice, but the process found no commercial 
application. The first attempt at building an air conditioner was made by 
Dr. John Gorrie, an American physician, scientist, inventor, and 
humanitarian. During his practice in Apalachicola, Florida in the 1830s, 
Dr. Gorrie created an open air-cycle refrigeration machine that essentially 
blew air over a bucket of ice for cooling hospital rooms of patients 
suffering from malaria and yellow fever. Although Gorrie is considered by 
many as the father of air-conditioning, the list of pioneers also includes A. 
Muhl (who held the first patent for cooling residences--in this case with 
ether compression and expansion), A. R. Wolf (1859-1909; who provided 
comfort air conditioning to more than 100 buildings, including the 
Waldorf Astoria, Carnegie Hall, and St. Patrick’s cathedral), and William 
H. Carrier.  
The first system similar to the modern air conditioner units was 
developed in 1902 by an American engineer Willis H. Carrier (1876-1950), 
who not only provided the first psychrometric chart, but also set new 
trends in product development and marketing to control humidity inside a 
lithographic plant in Brooklyn, New York [3]. Controlling the humidity in 
printing companies and textile mills was the start of managing the inside 
environment. Interestingly, an early textbook on air conditioning [4] 
restricted air-conditioning to the process of air humidification. The 
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concept has broadened considerably and is now understood to be the 
process of controlling temperature and humidity inside a conditioned 
space. After the invention by Carrier, air conditioners began to bloom. 
They first hit industrial buildings such as printing plants, textile mills, 
pharmaceutical manufacturers, and hospitals. However, during the first 
wave of their installation, Carrier's air conditioner units were large, 
expensive, and dangerous due to the toxic ammonia that was used as the 
coolant. In 1922, Carrier had two breakthroughs - he replaced the 
ammonia with the benign coolant dielene and added a central compressor 
to reduce the size of the unit. After World War II, window unit air 
conditioners appeared, with sales escalating from 74,000 in 1948 to over 
one million in 1953 [5].  
During the period of about 1950 to 1970 when the modern HVAC 
industry was rapidly developing, the cost of electricity was very low and 
the concepts such as global warming and ozone depletion were relatively 
esoteric. Hence, very little consideration was given to alternative modes of 
air conditioning. The emphasis on alternative forms of air conditioning is 
gaining strength due to the two most important challenges facing 
conventional systems of air conditioning related to environmental and 
energy.  
1.1.1. Environmental effects 
The modern air conditioning machines are affecting the 
environment primarily in two ways. The first is due to the emissions of 
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chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) used 
as refrigerants in these machines. Rowland and Molina [6] posited that 
chlorine atoms in CFCs and HFCs are causing the breakdown of the ozone 
layer in the stratosphere which shields the earth from cancer-causing 
ultraviolet-B solar radiation. By 1985, scientists saw a drastic thinning of 
the ozone layer over Antarctica, an annual phenomenon dubbed the 
“ozone hole.” Recognizing these dangers, on September 16, 1987, world 
leaders from 24 nations signed the Montreal Protocol [7]. Since then, new 
scientific proofs of the urgency of ozone damage have led all 196 members 
of the United Nations to ratify the treaty. The production of CFCs is 
already phased-out and the phasing-out of less active HCFCs is expected to 
be complete by 2030. 
The second environmental concern due to conventional air 
conditioning is its impact on global warming. Most of the commonly used 
refrigerants in Vapor Compression Refrigeration (VCR) machines have 
very high Global Warming Potential (GWP). For example, HFC-134 a, one 
of the most widely used refrigerant blends, has GWP equivalent to 1320 
times of CO2. Besides releasing greenhouse gases directly into the 
atmosphere through leaks, equipment maintenance, and retirements, 
most of the electricity generated to run these machines also comes from 
the burning of fossil fuels (a significant source of CO2 emission). 
Greenhouse gases are widely believed to contribute to an increase in the 
observed average temperature of the earth’s atmosphere [8], resulting in 
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higher cooling demand and therefore creating a positive feedback loop. 
Selection of natural refrigerants which are ozone friendly and have lower 
GWP in air-conditioning and refrigeration systems would significantly 
benefit goals for environmental progress. 
1.1.2. Energy crisis and peak load 
The conventional refrigeration cycles are primarily driven by 
electricity. The International Institute of Refrigeration has estimated that 
approximately 15% of all the electricity produced in the world is employed 
for refrigeration and air conditioning processes, and the energy 
consumption for air conditioning systems has recently been estimated as 
45% of the entire residential and commercial buildings energy 
consumption [9]. In addition to the increasing energy consumption, the 
major issue facing most of the electric utilities in the Southwestern United 
States is the summer peak load which is causing severe stress on electricity 
generation and transmission & distribution systems. Utility companies in 
all the 12 states located in the western United States are experiencing an 
increasing number of peak load days during the summer time resulting in 
more frequent blackouts and higher cost of electricity [10, 11]. In a report 
prepared by Kema-Xenergy [12] on residential and commercial sector 
peak load energy consumption in California, central air-conditioning is 
found to contribute nearly 45% of the peak energy demand. Historically, 
policymakers and utility regulators have considered energy efficiency (EE) 
as the least cost strategy to help meet resource adequacy and transmission 
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expansion needs. Recently, state and federal policymakers and utility 
regulators have broadened the scope of evaluation and planning by 
integrating EE programs focused on achieving energy savings with 
programs that focus on other program objectives such as reducing 
dependency on fossil fuels (by Renewable Energy mandates), reducing the 
need for investments in generating capacity (by demand response 
program), and investing in technologies that help to mitigate climate 
change [13].  
Solar powered air-conditioning is one of the most promising ways 
to address both environmental and energy issues as discussed above. Since 
most of a building’s heat load is due to absorbed solar radiation, the time 
of day with maximum incident solar radiation would correspond roughly 
to the time of maximum demand. Moreover, the efficiency of solar 
collectors increases with increasing insolation and increasing ambient 
temperature resulting in higher energy collection per unit area in the 
summer. Additionally, solar refrigeration devices are of significance to 
meet the needs for cooling requirements and medical or food preservation 
in remote areas. Using solar powered cooling system will reduce the fossil 
fuel burning by reducing the required electricity generation hence 
reducing greenhouse gases in the atmosphere. Finally, solar thermal 
systems can use refrigerants which are ozone friendly as well as have zero 
or very small GWP. 
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1.2. Solar powered air conditioning systems 
Several solar refrigeration and air conditioning systems have been 
investigated by researchers throughout the world [14, 15, 16, 17, 18, 19, 
20]. These systems can be classified primarily into two different categories 
e.g. solar electric and solar thermal. The following section provides a brief 
discussion on both solar electric and solar thermal refrigeration systems.  
1.2.1. Solar electric air conditioning 
A solar electric system consists mainly of photovoltaic panels and 
an electrical air conditioning device. There are several kinds of solar 
electric air conditioning systems researched to-date, such as photovoltaic-
powered vapor compression, thermoelectric, and Stirling refrigerator [21]. 
Each of these systems has their advantages and disadvantages but the 
photovoltaic vapor compression is probably the most widely used air 
conditioning system. The vapor compression refrigeration cycle requires 
electricity to the compressor which is provided by the solar photovoltaic 
(PV) panels.  A schematic diagram of a solar PV vapor compression system 
is shown in Figure 1.1. PV panels generate electrical power by converting 
solar radiation into direct current electricity using semiconductors. The 
manufacturing of solar cells has seen a tremendous growth in recent times 
due to the growing demand of renewable energy. Materials presently used 
for solar cells include mono-crystalline silicon, poly-crystalline silicon, 
amorphous silicon, cadmium telluride, etc. Silicon remains the most 
commonly used solar cell material.  
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The efficiency and cost of solar cells vary widely depending on the 
material and the manufacturing methods from which they are made. The 
efficiency of a solar panel is defined as the ratio of power output to the 
direct solar irradiation per unit area. Solar panel efficiency can be as low 
as 9.5% for amorphous silicon technology to as high as 24.7% for mono-
crystalline silicon technology [22]. The biggest advantage of using solar 
panels for air conditioning is the matured technology and high overall 
efficiency when combined with a conventional vapor compression system. 
 
Figure 1.1. Schematic diagram of a solar photovoltaic vapor compression 
system 
Several solar electric cooling systems were designed for 
autonomous operation and packaged in standard containers [23]. The 
cooling Coefficient of Performance (COP) of the vapor compression 
machines in those systems ranged from 1.1 to 3.3 for different evaporator 
temperatures between −5 and 15 °C and condenser temperatures between 
45 and 61 °C. Mono-crystalline PV modules and variable-speed 
compressors were used with batteries or generators as a backup. 
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1.2.2. Solar thermal air conditioning 
Solar thermal systems use solar heat rather than solar electricity to 
produce cooling effect. Primarily two types of solar thermal systems have 
been investigated; sorption systems and thermal-mechanical systems 
(Rankine and Stirling engines). However, for the residential scale, the only 
practical choice is the sorption system due to extremely high temperatures 
required to power thermo-mechanical systems. Many solar-powered (or 
heat-activated) sorption systems have been researched and demonstrated 
in recent years, including absorption, adsorption, and desiccant [9, 24, 25, 
26]. 
1.2.2.1. Absorption system  
Most of the thermally driven cooling systems today are based on 
absorption chillers. A schematic diagram of the absorption system is 
shown in Figure 1.2. In an absorption system (closed-cycle), the 
refrigerant is evaporated from a less volatile absorbent, the vapor is 
condensed in a water- or air-cooled condenser, and the resulting liquid is 
passed through an expansion valve to the evaporator of the unit. The 
refrigerant from the evaporator flows into the absorber, where it is 
reabsorbed in the absorbent and pumped back to the generator. In the 
generator, refrigerant is evaporated from the liquid solution by supplying 
heat from a heat source. The absorber-generator-pump combination 
works as a thermal compressor and hence eliminates the need for an 
electric compressor. Electrical energy consumed by the liquid pump is a 
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tiny fraction of the energy consumed by an electric compressor due to the 
difference in the specific density of vapor and liquid medium. Single-effect 
absorption systems have only one heating level of the working fluid (dilute 
solution). Double-effect absorption systems have two stages of vapor 
generation to separate the refrigerant from the absorbent and triple-effect 
have three stages. The heat transfer in double and triple effect system 
occurs at a higher temperature compared to the single-effect system. 
 
Figure 1.2. Schematic diagram of the basic absorption cooling system 
Today absorption chillers are mainly installed if a heat source such 
as waste heat, district heat or heat from co-generation plants is readily 
available in the facility. Two types of absorbent-refrigerant pairs are 
11 
 
commonly used; water-ammonia and lithium bromide (LiBr)-water. 
Absorption systems have the following drawbacks for small-scale 
residential cooling application: 
1. The driving temperature (heat source temperature) is relatively 
high compared to adsorption and desiccant systems. The 
single-effect system requires temperature range 80 – 100 oC; 
the double-effect between 100 – 160 oC; and triple-effect above 
160 oC [27]. Since, most of the residential systems are expected 
to employ either flat-plate or evacuated tube solar collectors 
due to the higher cost of concentrated collectors, using double 
or triple-effect systems is not feasible. In fact single-effect 
systems may also remain inoperable for most of the year due to 
lower-than-required driving temperatures available from flat-
plate/evacuated tube collectors. 
2. Ammonia is toxic and harmful, so is very unsafe to use in 
residential systems. 
3. In LiBr-water absorption chillers, usually the crystallization line 
for lithium bromide and water is very close to the working 
concentrations needed. If the solution concentration is too high 
or the solution temperature is reduced too low, particularly in 
air-cooled systems, there is a strong possibility of LiBr 
crystallization resulting in machine failure [28].  
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1.2.2.2. Desiccant system 
Open-cycle sorption cooling is more commonly called desiccant 
cooling because a sorbent is used to dehumidify air. A thermally driven 
desiccant system is based on a combination of evaporative cooling with air 
dehumidification by a desiccant, i.e., a hygroscopic material. Either liquid 
or solid materials can be employed for this purpose. The standard cycle 
which is mostly applied today uses rotating desiccant wheels, equipped 
either with silica gel or lithium-chloride as sorption material [29]. A 
schematic diagram of the desiccant cooling system is shown in Figure 1.3. 
A desiccant cooling system comprises principally three 
components, namely the regeneration heat source, the dehumidifier 
(desiccant material), and the cooling unit. However, the possible 
configurations and/or the composition of each of the three components 
can vary largely according to the nature of the desiccant employed [29]. 
For solid desiccant systems, the desiccant dehumidifier is generally a 
slowly rotating desiccant wheel or a periodically regenerated adsorbent 
bed. The cooling unit can be the evaporator of a conventional air 
conditioner, an evaporative cooler or a cold coil. The role of the cooling 
unit is the handling of the sensible load while the desiccant removes the 
latent load. A heat exchanger is generally used to pre cool the dry and 
warm air stream before its further cooling by an evaporative cooler or a 
cold coil. The heat exchanger together with the evaporator cooler or the 
cold coil constitutes the cooling unit [30]. The regeneration heat source 
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supplies the thermal energy necessary for driving out the moisture that the 
desiccant had taken up during the sorption phase. Because a thermal 
energy source is required, a variety of possible energy sources can be 
utilized. Those include solar energy, waste heat, and natural gas heating, 
and the possibility of energy recovery within the system. 
 
Figure 1.3. Schematic diagram of the basic desiccant cooling system 
Desiccant air cooling systems have a drawback in that they cannot 
cool supply air below 20 oC (≈70 oF) at peak design temperatures, 
particularly in hot and humid conditions, therefore to maintain a design 
space temperature of 24 oC (≈75 oF) a relatively high volume of supply air 
is required. Hence desiccant air systems are relatively bulkier and bigger 
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in size and are also not suitable where cooling space does not need a large 
percentage of ventilation air [31] and has a limited space availability. 
1.2.2.3. Adsorption system 
Adsorption air conditioning system (closed-cycle) utilizes the 
phenomenon of physical adsorption between the refrigerant and a solid 
adsorbent. A schematic diagram of the adsorption cooling system is shown 
in Figure 1.4. The refrigerant vapor exiting from the evaporator is 
adsorbed by the adsorbent in a vessel called “adsorber.” When heat is 
supplied to the adsorber, the refrigerant vapor is released increasing the 
pressure inside the adsorber. Once the pressure inside the adsorber 
exceeds the condenser pressure, refrigerant vapor flows in to the 
condenser and is condensed. Between the condenser and evaporator, the 
process described above in the absorber section repeats. Typically, two or 
more adsorber vessels are used to make this process pseudo-continuous. 
The adsorption process is described in more detail in chapter 2.  
Adsorption systems do not possess any of the disadvantages of the 
absorption and desiccant systems. They can operate with as low a driving 
temperature as 50 oC [27, 32], are free from crystallization because they do 
not use liquids for sorption of refrigerant, and are less bulky than the 
desiccant systems. Another major advantage of an adsorption system is 
that it uses environmentally benign substances such as water, methanol 
etc. as refrigerants. But, adsorption systems also suffer from issues such as 
low COP (less than 0.5 compared to about 0.8 for single-effect LiBr 
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system) [27], low thermal conductivity of adsorbents, and high ratio of 
non-adsorbent (“dead”) to adsorbent (“live”) thermal mass [33]. Still, low 
driving temperature adsorption systems remains the most attractive 
choice to replace conventional systems particularly for residential 
applications. 
 
Figure 1.4. Schematic diagram of the basic adsorption cooling system 
1.3. Research objectives 
Each of the solar-powered air conditioning systems discussed in the 
above section has its advantages and disadvantages. The differences lie in 
the state of technical maturity, specific cost, and their respective field of 
application and dissemination. As a consequence, there is astonishingly 
little common knowledge and regrettably little synergy between the 
researchers of each individual field. Despite a large potential market, 
existing solar air conditioning systems are not competitive with 
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conventional vapor compression air conditioning systems primarily 
because of their high initial costs. However, researchers agree that solar 
thermal systems can provide a better alternative to vapor compression 
systems in the future if fossil-fuel prices continue to rise, summer peak 
load situation deteriorate, and addressing environmental issues becomes a 
priority. Solar adsorption systems seem to be one such alternative to 
replace conventional vapor compression systems. However, questions 
remain regarding the viability of adsorption systems at the small-scale and 
their comparison with other solar-powered cooling technologies including 
solar electric. The specific objectives addressed in this dissertation are as 
follows:  
1. Investigate the thermal performance (both refrigeration 
capacity and the COP) of a adsorption cooling system and 
compare its performance with similar heat-activated 
technologies such as absorption and desiccant system.  
2. Evaluate possible adsorbent-refrigerant pairs and chose a pair 
that is environmentally friendly and have favorable 
characteristics for a residential-scale adsorption system? 
3. Demonstrate the cooling effect using a bench-scale adsorption 
cooling system prototype and investigate its performance. 
4. Evaluate the thermal performance and economics of various 
solar cooling technologies for a typical single-family house in 
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Phoenix, AZ, and determine the optimum combination of solar 
collector and storage size for each system.  
This work focuses on small-scale adsorption cooling systems and 
their relative performance with competitive solar technologies. A general 
introduction has already been given above in Chapter 1. The overview of 
adsorption process and standard adsorption cooling systems is provided in 
Chapter 2. A detailed discussion of mathematical modeling of adsorption 
cooling system is presented in Chapter 3. It also includes quantitative and 
qualitative comparison of various low-temperature, heat-activated cooling 
systems. The selection of adsorbent-refrigerant pair, prototype 
development, and experimental results are presented in Chapter 4. The 
thermal and economic comparison of solar PV, LiBr-H2O absorption, and 
Silica gel-water absorption systems for a typical residential house in 
Phoenix, AZ is presented in Chapter 5. The details regarding the hourly 
load calculations, mathematical modeling, is also presented, as are the 
effects of collector and storage size and their optimum values. Finally, a 
summary and suggested future works are proposed in Chapter 6.  
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Chapter 2: Adsorption cooling system 
The following section describes some of the important terms 
associated with the adsorption cooling system. 
2.1. Adsorption phenomenon 
Any adsorption process requires a porous solid medium (the 
adsorbent) and liquid/gas molecules (the adsorbate) to occupy the 
micropore volume. The adsorption is a consequence of the cohesive forces 
including electrostatic forces and hydrogen bonding at the surface of the 
adsorbent which attracts the molecules of the adsorbate [34]. The forces of 
attraction emanating from a solid may be of two main kinds, physical and 
chemical, and they give rise to physical (or “van der Waals”) adsorption or 
‘physisorption’ and chemical adsorption or ‘chemisorption’, respectively. 
Molecules that are physically adsorbed to a solid can be released 
(desorbed) by applying heat as shown in Figure 2.1; therefore the process 
is reversible. The bonding forces of chemisorption are much greater than 
that of physisorption hence more heat is required to desorb the molecules. 
In addition to that, chemical bonding leads to changes in the chemical 
form of the adsorbed compounds and hence is irreversible. For this 
particular reason, physisorption is involved in most thermal systems 
which are cyclic in nature [25]. 
2.2. Heat of adsorption 
Adsorption is an exothermic process accompanied by evolution of 
heat, commonly referred as ‘isosteric heat of adsorption’. This is the ratio 
19 
 
of the infinitesimal change in the adsorbate enthalpy to the infinitesimal 
change in the amount adsorbed. The quantity of heat release depends 
primarily upon the magnitude of the van der Waals force between the 
adsorbent and adsorbate, and the latent heat of the adsorbate. The heat of 
adsorption is usually 30-100% higher than the heat of condensation of the 
adsorbate [25]. In general, adsorption is stronger than condensation to the 
liquid phase. Hence, if a fresh adsorbent and adsorbate in liquid form 
coexist separately in a closed vessel, transport of adsorbate from the liquid 
phase to the adsorbent occurs in the form of vapor. The liquid temperature 
becomes lower while the adsorbent temperature rises. Air-conditioning 
and refrigeration utilize this phenomenon to obtain a cooling effect [35].  
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Figure 2.1. Adsorption and desorption processes 
2.3. Adsorption equilibrium 
The amount of gas or vapor adsorbed when equilibrium is 
established at a given temperature and pressure is a function of the nature 
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of the adsorbent and adsorbate. This includes on one hand the physical 
structure of the adsorbent (the surface area, the size, shape and 
distribution of pores) and its chemical constitution, and on the other, the 
physical and chemical properties of the adsorbate. Adsorption is usually 
described through isotherms, that is, the amount of adsorbate on the 
adsorbent as a function of its pressure (if gas) or concentration (if liquid) 
at constant temperature. Intensive investigation of the adsorption on real 
solids has led to the development of a large number of empirical isotherm 
equations. Primarily, two main classes of the overall adsorption isotherms 
exist: 
 Equations reducible to the Langmuir isotherm 
 Isotherms generated by the exponential isotherm equation 
The Langmuir isotherms can be expressed as [36]: 





bP
bP
qq
1                  (2.1) 
where q is the amount adsorbed, q∞ the limiting amount adsorbed, P is the 
pressure, and parameter b is the affinity constant or Langmuir constant. 
Langmuir constant is a measure of how strong an adsorbate molecule is 
attracted onto a surface. 
Numerous well-knows empirical isotherms (Langmuir-Freundlich, 
generalized Freundlich, Tóth etc.) are based on Eq. (2.1). The exponential 
isotherm has the following form [36]: 
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                            (2.2) 
where Bj are temperature-independent coefficients, kB is the Boltzmann 
constant, and pa is the parameter connected with minimum adsorption 
energy.   
Numerous well-knows empirical isotherms (classical Freundlich, 
Dubinin-Radushkevich, Dubinin-Astakhov, Freundlich-Dubinin-
Radushkevich etc.) are based on Eq. (2.2). 
2.4. Adsorbent and adsorbate 
The selection of a proper adsorbent and adsorbate (referred to as 
the refrigerant in cooling systems) pair for an adsorption cooling system is 
a complex process and depends on several factors. There are several 
working pairs to choose from like silica gel/water, activated carbon/ water, 
activated carbon/ ammonia, zeolite/ water etc. [37]. The selected 
adsorbent must have following characteristics: 
 Higher adsorption and desorption capacity (increases cooling 
density) 
 Higher thermal conductivity (reduces the cycle time) 
 Lower specific heat capacity (reduces the cycle time) 
 Chemical compatibility with the chosen refrigerant 
 Low cost and widely available 
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The selected adsorbate (refrigerant) must have most of the following 
desirable thermodynamic and heat transfer properties: 
 Molecular dimensions should be small enough to allow easy 
adsorption 
 High thermal conductivity and good thermal stability 
 Low viscosity, low specific heat and high latent heat per unit 
volume 
 Non-toxic, non-inflammable, non-corrosive and chemically 
stable  
 Low saturation pressure (slightly above atmospheric) at normal 
operating   temperatures 
2.5. Basic adsorption cycle 
The basic adsorption cooling system consists of an evaporator, a 
condenser, an expansion valve and two vessels (filled with adsorbent) 
shown as A and B in Figure 1.4, which switch their roles during the cycle. 
At any point in time, one of these vessels is being heated, while the other is 
being cooled. The vessel being heated generates high-pressure refrigerant 
(adsorbate) vapor, which subsequently increases the pressure inside it. 
When the pressure reaches the saturation vapor pressure of the refrigerant 
in the condenser, the valve between the heated adsorbent vessel and the 
condenser is opened and the desorbed vapor is released to the condenser, 
condensed to high-pressure saturated liquid, and then passed across a 
thermostatic expansion device to lower its pressure and temperature. 
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Meanwhile, the second adsorbent vessel, which is being cooled, reaches a 
pressure lower than the saturation vapor pressure of the refrigerant in the 
evaporator resulting in a flow of refrigerant vapor from the evaporator to 
this adsorbent vessel. The flow of refrigerant between the condenser and 
the evaporator is similar to the conventional vapor compression 
refrigeration cycle. 
2.6. Literature review of adsorption cooling 
Several air conditioning and refrigeration applications have been 
studied theoretically and experimentally using various adsorbent and 
adsorbate pairs. Due to the large number of articles published on 
adsorption systems, only major breakthrough developments are described 
in the following section. 
The field of adsorption cooling started as a historical curiosity, had 
a brief period of commercial success, disappeared for 60 years and is now 
undergoing a renaissance. The first commercial products were in the early 
years of the 20th century. Plank and Kuprianoff [38] described a practical 
adsorption system which used methanol as adsorbate and active carbon as 
adsorbent and was powered by heat from fossil–fuel combustion. In 1929, 
Hulse [39] and Miller [40] designed an adsorption system for air-
conditioning system of railway carriages. They used silica gel-sulpher 
dioxide pair with a propane-fired heat source to cool the carriages to -12 
oC. However, following the advent of cheap reliable compressors and 
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electric motors, this and other types of “sorption” systems went out of 
favor.  
The first modern revival of interest was in the late 1970s when 
Meunier [41] began work on pairs suitable for use as solar refrigerators. In 
1988, Tchernev [42] designed, constructed and performance tested a 
closed-cycle regenerative zeolite-water heat pump of 0.5 - 2 tons (1 ton = 
12,000 Btu/hr = 3.51 kW) capacity and found a seasonal cooling 
Coefficient of Performance (COP) of 0.15. Saha et el. [43] in 1995 
conducted an experimental and numerical study on a 10 kW silica-gel 
water adsorption system and obtained a COP between 0.21-0.48. He also 
found that each adsorption/desorption cycle required nearly 3-13 min, and 
the heat recovery cycle about 30 s. In 1996, Miles and Shelton [44] 
designed and tested a solid-sorption heat-pump system using a thermal 
wave regeneration concept and activated carbon/ammonia pair and found 
a significant increase in the COP theoretically, but could not reproduce the 
results experimentally. A quasi-continuous heat and mass recovery 
operation was developed and tested by Wang [45] in 2000. He found that 
the heat recovery operation between two adsorption beds will increase the 
COP by about 25% if compared with a one-adsorber basic cycle system. 
For the activated carbon/methanol pair, he found a theoretical COP 
between 0.6-0.8 and an experimental COP between 0.32-0.4. In 2001, 
Saha et al. [32] proposed a two-stage non-regenerative adsorption chiller 
design and experimental prototype using silica gel-water as the adsorbent 
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refrigerant pair. The main advantage of the two-stage adsorption chiller 
was its ability to utilize low-temperature solar/waste heat (40 – 75 oC) as 
the driving heat source in combination with a coolant at 30 oC. With a 55 
oC driving source in combination with a heat sink at 30 oC, the COP and 
the cooling capacity of the two-stage chiller was found to be 0.36 and 3.2 
kW respectively. Zhang et al. [46] proposed a combined adsorption-ejector 
refrigeration in 2002 and found a COP of 0.3 which was 10% higher than 
the adsorption system alone. In 2004, Liu et al. [47] proposed and tested a 
novel adsorption chiller with no refrigerant valve, thus eliminating the 
problem of mass transfer resistance occurring in the conventional systems 
when methanol or water is used as refrigerant and resulting in pressure 
drop during the flow of refrigerant inside the tubing. They found a COP of 
about 0.5 and cooling power of 9 kW for 13 oC evaporation temperature. 
Wang et al. [48] designed and tested a 10 kW novel silica gel-water 
adsorption chiller and found a COP of 0.38. This adsorption chiller used 
three vacuum chambers: two adsorption/desorption (or 
evaporation/condensation) vacuum chambers and one heat pipe working 
vacuum chamber as the evaporator. The operating reliability of the chiller 
was estimated to be greatly improved because of fewer required valves. In 
2005, Sharkawy et al. [49] attempted to improve the performance of 
thermally powered adsorption cooling systems by selecting a new 
adsorbent/refrigerant pair. Their use of activated carbon fiber/ethanol 
pair showed that it can be used to design a compact adsorption unit. A 
26 
 
novel compact adsorption room air conditioner with a cooling capacity of 1 
kW was designed , and two prototypes were built by Yang et al. For the 
first prototype, a cooling capacity of 687 W and a COP of 0.307 was 
obtained. For the second prototype, a cooling capacity of 790 W and a COP 
of 0.446 was obtained. Huangfu et al. [50] experimentally investigated an 
adsorption chiller for micro-scale building cooling, heating and power 
system application. They found that the COP is high in the operating mode 
of varying hot water inlet temperature with mass recovery in no heating 
pattern. Lambert [51] designed and analyzed a solar powered adsorption 
heat pump with ice storage and predicted a COP of 1.5. He suggested using 
helical annular finned tubes and metal wool to diffuse heat throughout the 
adsorber to improve the COP. A 1 kW adsorption cooling system was also 
demonstrated by Yang et al. at Shanghai Jiao Tong University in 2006. 
The prototype has a size as 500 mm width, 300 mm thickness, and 950 
mm height.  At the work condition of 85 oC of heating water inlet and 28 
oC of cooling water inlet, a cooling capacity of 995 W and a COP of 0.477 
was obtained. In 2009, Abdullah et al. [52] built and tested a novel solar 
thermoelectric-adsorption cooling system. Cooling was produced via the 
Peltier effect during the day, by means of thermoelectric elements, and 
through adsorption process at night. The COP values were determined 
using derived equations and found to be ∼0.131 (adsorption) and ∼0.152 
(thermoelectric), respectively. Zhai et al. [53] constructed a solar 
adsorption cooling system in the green building of Shanghai Institute of 
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Building Science. The system consisted of evacuated tube solar collector 
arrays of area 150 m2, two adsorption chillers with nominal cooling 
capacity of 8.5 kW for each and a hot water storage tank of 2.5 m3 in 
volume. According to experimental results under typical weather condition 
of Shanghai, the average cooling capacity of the system was 15.3 kW 
during continuous operation for 8 h. The performance analysis showed 
that solar radiant intensity had a more distinct influence on the 
performance of solar adsorption cooling system as compared with ambient 
temperature. It was observed that the cooling capacity increased with the 
increase of solar collector area, whereas, solar collecting efficiency varied 
quite contrary. With the increase of water tank volume, cooling capacity 
decreased, while, the solar collecting efficiency increased. Additionally, it 
was observed that solar collecting efficiency decreased with the increase of 
the initial temperature of water in the tank; however, cooling capacity 
varied on the contrary. Banker et al. [54] developed a laboratory model of 
continuous flow closed-cycle thermal compression based solid sorption 
refrigeration unit using the activated carbon + HFC 134a adsorbent-
refrigerant pair. The unit was tested with heat loads up to 5 W. The system 
performance was assessed through COP. The observed COP was not large 
because of over sizing of some of the compressor components. It was 
concluded that if the components are more critically sized by eliminating 
the solenoid valves and optimizing the mechanical design of the adsorbers, 
substantial improvement can be obtained. A novel composite water 
28 
 
sorbent “silica modified by calcium nitrate” (SWS-8L) was tested in a lab-
scale adsorption chiller driven by low-temperature heat [55]. 
Thermodynamic cooling COP was estimated to be 0.51–0.71, with 
desorption temperature lower than 90 °C. SWS-8L grains were embedded 
inside a compact aluminum heat exchanger with high thermal efficiency. 
Experimental cooling COP, mass specific cooling power and volumetric 
specific cooling power obtained were 0.18–0.31 (cycle time 10 min), 190–
389 W/kg dry sorbent and 104–212 W/m3, respectively. 
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Chapter 3: Numerical simulation of the adsorption cooling system  
Although extensive experimental and simulation work has been 
done to analyze the adsorption cooling system performance individually or 
to compare its performance with that of the vapor compression system, 
few attempts have been made to compare its quantitative and qualitative 
performance with other competing thermally-activated systems. The two 
main goals of the numerical modeling and computer simulation of the 
basic adsorption cooling system are 1) to conduct a parametric study to 
determine the effects of operating conditions on cooling output and COP 
and 2) to compare the relative performance of the adsorption system with 
two other competitive thermally-activated systems, e.g. a LiBr-H2O 
absorption system, and a desiccant air system.  
The potential of a two-bed silica gel-water adsorption system was 
evaluated by a number of researchers. Saha et. al. [56] conducted a 
parametric study using computer simulation to determine the effects of 
operating conditions on cooling output and COP.  The results have been 
compared with experiments [43] and it was concluded that the silica-gel 
water adsorption cycle is well suited to low-temperature heat sources. 
Chua et al. [57] presented a transient model for a two-bed silica gel-water 
adsorption chiller and obtained very good agreement with experimental 
data. Wang et al. [48] predicted the performance of a novel silica-gel 
adsorption chiller and found it more reliable and efficient because it used 
fewer valves and exhibited high COP. The silica gel-water 
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adsorbent/adsorbate pair is selected in this analysis due to its relatively 
low regeneration temperature and because water has a large latent heat of 
vaporization.  
3.1. System configuration and operation 
The basic adsorption cooling system chosen for this study is shown 
in Figure 1.4 in Chapter 1. The Clapeyron diagram of the basic adsorption 
cycle is shown in Figure 3.1, depicting the variations of pressure and 
temperature inside the adsorber. The cycle consists of one desorption step 
(heating phase) and one adsorption step (cooling phase).  
Desorption Step (abc): 
The adsorber is heated by hot water, supplied from a solar or other 
system, from temperature Tads  to Tgen. The heat adsorbed by the adsorber 
includes the sensible heat of the adsorber material, adsorbent, and the 
adsorbate in addition to the heat of desorption. The pressure in the 
adsorber increases as the temperature of the adsorber is increased. When 
the pressure reaches the saturation vapor pressure of the water in the 
condenser, the valve between the adsorber and the condenser is opened 
and the desorbed vapor from the adsorber is condensed in the condenser. 
The condensate flows down continuously into the evaporator through the 
expansion valve until the temperature in the adsorber becomes Tgen. 
Adsorption Step (cda): 
The adsorber is cooled from Tgen to Tads by cooling water. The heat 
released by the adsorber includes the sensible heat of the adsorber 
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material, adsorbent, and the adsorbate in addition to the heat of 
adsorption. The pressure in the adsorber decreases as the temperature of 
the adsorber is decreased. When the pressure reaches the saturation vapor 
pressure of the water in the evaporator, the valve between the adsorber 
and the evaporator is opened and the vapor from the evaporator is 
adsorbed in the adsorber until the temperature reaches Tads in the 
adsorber. 
Figure 3.2 shows the standard adsorption cycle on T-s diagram for 
the ideal cycle. The thermodynamic cycle consists of following seven 
processes: 
Process 1-2: Isobaric heating of the refrigerant vapor to adsorber 
temperature (adsorber cooling source temperature); 
Process 2-3: Isothermal adsorption of the refrigerant vapor to sub-cooled 
liquid; 
Process 3-4: Isosteric heating of the sub-cooled liquid refrigerant to 
desorption temperature (adsorber heating source temperature); 
Process 4-5: Isothermal heating of the liquid refrigerant to high-pressure 
superheated vapor; 
Process 5-6: Isobaric cooling and condensation of the refrigerant vapor in 
the condenser to saturated liquid; 
Process 6-7: Isenthalpic expansion of the liquid refrigerant in the 
expansion valve to liquid + vapor mixture; 
Process 7-1: Isobaric evaporation of the refrigerant in the evaporator. 
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Figure 3.1. Clapeyron diagram of the adsorption cooling cycle 
 
Figure 3.2. T-S diagram of a standard adsorption cooling cycle 
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3.2. Mathematical model 
For setting up the mathematical model of the system, it is assumed 
that the cooling ability of the condenser is unlimited, the heat loss to the 
surroundings is negligible, the temperature and pressure are uniform in 
the adsorber, and the adsorption and desorption processes run for the 
same time with zero switching time. 
The Freundlich equation, which assumes an equilibrium process 
without hysteresis and isobaric adsorption-desorption and is 
recommended by many investigators [58, 59], is used to model the 
adsorption equilibrium in the present analysis: 
1
kP
q q
Psat
                  (3.1) 
where q is the amount adsorbed, q∞ the limiting amount adsorbed, k a 
constant, P the vapor pressure within the adsorber, and Psat the saturation 
vapor pressure at the temperature of the refrigerant. The refrigerant 
temperature in the vapor phase is defined by the temperature of the 
evaporator (during adsorption) or condenser (in desorption).  
The amount adsorbed during the regeneration step is: 
1
( )
( )
k
sat c
sat ads
P T
q q
P T
                (3.2) 
where Tads is the temperature inside the adsorber and Tc the condenser  
temperature.  The amount adsorbed during the adsorption step is: 
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where Te is the evaporator temperature. The saturation pressure of the 
water vapor can be expressed as [60]:  
)exp(001.0
T
baP sssat 
         (3.4)
 
where Psat is in bar and T is in K. as and bs are constants whose values for 
water are: as = 20.5896 and bs = -5098.26. The heat transfer rate from the 
heat transfer fluid to the adsorber is expressed as: 
 w pw w adsQ m C T T   
         (3.5) 
where wm  is the mass flow rate, pwC  the specific heat, and Tw the 
temperature of the heating or cooling water.  ε is the effectiveness of the 
adsorber which is expressed as:      
1 exp ads
w pw
UA
m C
                                      (3.6) 
where U is the overall heat transfer coefficient and Aads the surface area of 
the adsorber. The desorption heat balance is: 
( )
ads
am am ad ad pw ad ad
dT dqM C M C qC M H Q
dt dt
      
                (3.7) 
where Mam and Cam are the mass and the specific heat of the metallic 
adsorber, and Mad and Cad the mass and the specific heat of the adsorbent. 
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Hads is the isosteric heat of adsorption for the adsorbent. The adsorption 
heat balance is:  
( ) ( ( )
ads
am am ad ad pw ad ad pv e ads
dT dqM C M C qC M H C T T Q
dt dt
        
         (3.8)
 
where Cpv is the specific heat of saturated water vapor at the evaporator 
temperature. The mass flow rate of the refrigerant flowing in the cycle can 
be determined as: 
2 ( )ad conc dil
ref
cycle
M q q
m
t

                    (3.9) 
where qconc  is the adsorbed amount at the end of the adsorption step, qdil  
the adsorbed amount at the end of the desorption step, and tcycle the cycle 
time. A factor of 2 is used because of considering a two-adsorber system. 
The refrigeration capacity per cycle of the system is: 
 ( ) ( )ref ref v e f cQ m h P h P  
                        (3.10)
  
The rate of heat input per cycle can be calculated as: 
1 1
( ( ))
( ) ( )
( / 2)
am am ad ad conc pw
in ref ad g a
cycle
M C M C q C
Q m H T T
t
    
             (3.11)
 
where the first term on the RHS of Eq. 3.11 is due to the heat of 
adsorption, and the second term is the sensible heat required to heat the 
adsorber material, adsorbent, and the adsorbate (water) from the 
temperature at the end of the adsorption process, Ta1, to the temperature 
at the end of the desorption process, Tg1. Finally, the Coefficient of 
Performance (COP) can be calculated as: 
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Table 3.1 shows the list of parameters used in this adsorption 
cooling cycle simulation. One parameter at a time was varied to investigate 
its effect on the refrigeration capacity and COP while the remaining 
parameters were fixed at the standard operating conditions. Table 3.2 
shows the values of standard operating conditions used in the simulation. 
The system of differential equations (3.1) – (3.12) was solved 
simultaneously by numerical integration using Matlab inbuilt solver ODE 
45. 
3.3. Validation of the numerical solution 
The numerical solution is validated by comparing the results with 
the experimental results obtained in reference [43] for similar size and 
type of system using same adsorbent-refrigerant pair. As shown in Table 
3.3, the COP is about the same and refrigeration capacity in the simulation 
results is higher compared to experimental results due to higher heating 
source temperature. 
 
The numerical solution is validated by comparison 
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Table 3.1. Physical property values used in the simulation 
Parameters Value Unit 
Specific heat of adsorber material, Cam 448 J kg-1 K-1 
Specific heat of adsorbent (i.e. silica gel), Cad 920 J kg-1 K-1 
Specific heat of water vapor, Cpv 1,866 J kg-1 K-1 
Specific heat of  water, Cpw 4,180 J kg-1 K-1 
Heat of adsorption, Had 2800 kJ kg-1 
Constant, k 0.79 - 
Mass of adsorber material, Mam 20 kg 
Mass of adsorbent, Mad 20 kg 
Surface area of adsorber, Aads 3 m2 
Maximum adsorption, q∞ 0.355 - 
Overall heat transfer coefficient of the 
adsorber, U 300 W m
-2 K-1 
 
Table 3.2. Standard operating conditions used in the simulation 
Parameter Value Unit 
Mass flow rate of cooling/heating water, wm  0.4 kg s-1 
Temperature of cooling water, Tw,cool 27 oC 
Temperature of heating water, Tw,hot 80 oC 
Condenser Temperature, Tc 29 oC 
Evaporator Temperature,Te 19 oC 
Cycle Time, tcycle 480 s 
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Table 3.3. Validation of the numerical solution 
 Tc 
(oC) 
Te 
(oC) 
Tw,hot 
(oC) 
wm  
(kg s-1) 
COP 
refQ  
(kW) 
Experimental 30 12 50 0.58 0.35 1.2 
Simulation 29 19 65 0.40 0.32 4.0 
3.4. Cycle simulation results 
 Figure 3.3 shows the effect of varying heating water temperature 
on the refrigeration capacity of the system. Refrigeration capacity 
increases with the heating water inlet temperature and approaches 
towards a steady state. This behavior can be explained by the fact that 
more and more refrigerant gets desorbed in the adsorber due to the 
increased heat supply but eventually reaches its maximum value because 
of the limiting capacity of the adsorbent to hold the refrigerant. The COP 
initially increases and then decreases with increasing hot water 
temperature as shown in Figure 3.4. This is due to the fact that initially 
refrigeration capacity increases faster than the heat input and hence COP 
increases but the opposite become true after the temperature reaches 
about 70 oC.  The Carnot COP of the adsorption cooling cycle is defined as: 
c e
Carnot
w,hot w,cool e
T T
COP = 1- x
T T - T
            
      (3.13) 
using simulation parameters of Tc = 29 oC (302 K), Tw,hot = 65 oC (338 K), 
Te = 19 oC (292 K), and Tw,cool = 27 oC (300 K), the ideal COP is calculated 
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to be 3.89. In comparison, the calculated maximum COP from the 
simulation is 0.33. 
Similar effects on refrigeration capacity and COP are observed by 
varying the heating water mass flow rate as shown in Figure 3.5 and Figure 
3.6. The sole effect in this case is similar to increasing the hot water inlet 
temperature, as both result in providing more heat to the adsorber, 
therefore, the trends of the curves are also similar. Since mass of the silica 
gel used in the simulation is 20 kg, approximately 400 W of cooling per kg 
of adsorbent is achieved by the adsorption system. 
 
Figure 3.3. Heating water temperature effect on refrigeration capacity 
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Figure 3.4. Heating water temperature effect on COP 
 
Figure 3.5. Heating water mass flow rate effect on refrigeration capacity 
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Figure 3.6. Heating water mass flow rate effect on COP 
Figure 3.7 shows the effect of varying cooling water temperature on 
the refrigerating capacity of the system. The refrigerating capacity 
decreases from nearly 10 kW to 4 kW as the cooling water inlet 
temperature is increased from 20 to 40 oC. This tendency reflects the fact 
that higher adsorption temperatures result in smaller amounts of 
refrigerant being adsorbed and hence desorbed during each cycle. It is also 
clear from Figure 3.7 that a minimum regenerating temperature lift is 
required to produce any cooling from an adsorption system.  
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Figure 3.7. Cooling water temperature effect on refrigeration capacity 
The rate of decrease in COP of the system increases with increasing 
cooling water temperature as can be seen in Figure 3.8. COP is affected by 
two opposite factors when cooling water temperature is increased; on one 
side the refrigerating capacity decreases, and on the other side the amount 
of driving heat required for sensible heating of the adsorber from 
adsorption to desorption temperature also decreases. The decrease in COP 
indicates the dominance of the first factor over the second one i.e. 
refrigerant capacity is very sensitive to any change in cooling water 
temperature. Figure 3.9 shows the effect of adsorption-desorption cycle 
times on the refrigeration capacity of the system. The highest cooling 
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capacity can be obtained near 380 s or roughly in the range between 300 
and 500s. When the cycle times are shorter than 300 s, there is not 
enough time for adsorption and desorption to occur satisfactorily and the 
cooling capacity decreases. For longer cycle times, the cooling capacity 
decreases because adsorption and desorption tend to be relatively less 
intense near the later part of the cycle which results in lower refrigeration 
capacity. The COP monotonically increases with cycle time as shown in 
Figure 3.10, because of lower consumption of driving heat with longer 
cycles. It appears to be reaching an asymptotic value for higher cycle times 
than those considered in the simulation. 
 
Figure 3.8. Cooling water temperature effect on COP 
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Figure 3.9. Adsorption-desorption cycle time effect on refrigeration 
capacity 
 
Figure 3.10. Adsorption-desorption cycle time effect on COP 
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3.5. Comparison with competitive technologies 
In addition to the adsorption system, two other heat-activated 
refrigeration systems, namely absorption and desiccant air systems are 
considered to be the most common thermally-activated cooling systems. 
Each of these systems can be utilized at relatively low heat source 
temperatures such as achieved by flat-plate solar collectors, but it is 
unclear which of these systems is best suited to what range of heat source 
temperature. In the current study all these three systems are compared 
quantitatively based on their relative thermal performance, and also 
qualitatively based on the size, maturity of technology, safe operation, etc. 
For the comparison with silica gel-water adsorption cooling system, a 
LiBr-H2O absorption cooling system and a silica-gel based desiccant air 
cooling system is selected due to their use of water and silica gel 
respectively. In order to provide a fair comparison between the 
fundamentally different systems, a UA (overall heat transfer coefficient 
multiplied by the heat transfer area) value of 1.0 kW/ ºC is considered for 
the heat exchanger that transfers heat from the supplied hot water. 
Furthermore, to compare systems of similar size, the mass of silica gel in 
the adsorption and the desiccant systems, and the mass of LiBr-H2O 
solution in the absorption system were specified such that each system 
provides the same amount of refrigeration (8.0 kW) at a source 
temperature of 90 ºC.   
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3.5.1. Quantitative comparison 
Figure 3.11 shows the effect of the hot water temperature on the 
refrigeration capacity. All curves intersect at 90 ºC because we fixed the 
mass of silica gel and LiBr-H2O solution such that the same refrigeration 
capacity is delivered by all systems at that temperature. It can be observed 
from Figure 3.11 that both the adsorption and absorption systems provide 
equal refrigeration capacity for a hot water temperature range of 70-120 
ºC, but the adsorption system is the only system to deliver cooling at 
temperatures below 65 ºC. The desiccant system works better at higher 
temperatures, but its cooling capacity declines linearly with decreasing 
temperatures, and the system is nonfunctional at low temperatures. 
Figure 3.12 shows the effect of hot water temperature on the COP 
for the three systems. Increasing the heating water temperature does not 
make the desiccant air cooling system more or less efficient. This is 
because for optimal performance, a desiccant system has a maximum 
regenerating air temperature requirement. The absorption and desiccant 
systems provide better COP at low temperatures, but the COP’s of the 
three systems converge at higher temperatures. The COP of the adsorption 
system first increases, reaches a maximum value, and then deceases with 
increasing hot water temperature, because of the size limitation in utilizing 
the thermal heat of high-temperature hot water. The high COP’s achieved 
by the absorption system are somewhat misleading, as they have more to 
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do with the flow rates occurring in the hot-water heat exchanger than with 
a more efficient utilization of thermal energy.   
 
Figure 3.11. Effect of the hot water temperature on the refrigeration 
capacity for three types of heat-activated refrigeration systems 
 
Figure 3.12. Effect of the hot water temperature on the COP for three types 
of heat-activated refrigeration systems 
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3.5.2. Qualitative comparison 
Table 3.4 shows a qualitative comparison between the three cooling 
technologies based on available cooling sizes, maturity of technology, and 
safety of operation. LiBr-H2O absorption systems are commercially 
available between 5 - 2500 tons unit sizes but sales are limited to greater 
than 100 tons units. Desiccant systems are available between 2 - 5 tons 
sizes and adsorption systems are in larger than 20 tons. Adsorption 
systems were invented before the conventional vapor compression systems 
and significant research is done to improve its performance. It is widely 
believed to attain its maturity in terms of technology and further 
improvement in thermal performance is implausible. Desiccant air system 
technology is also in similar position. Adsorption systems are still in 
research stage and technology can further improved. LiBr (uninhibited or 
corrosion inhibited solutions) poses environmental health and safety 
impacts. Most notably, LiBr is a known carcinogen which contains 
Chromium (VI) which is associated with cancer in humans. Adsorption 
and desiccant systems are environmental friendly. 
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Table 3.4. Qualitative comparison of heat-activated cooling technologies 
Cooling 
Technology 
LiBr-H2O  
Absorption Desiccant 
Silica-gel Water 
Adsorption 
Available 
system size  
Commercial units 
available 5 – 
2,500 tons, but 
sales are mostly in 
> 100 tons [61] 
140 to 280 
cmm [61] >20 tons 
Specific 
cooling 
power [62] 
High Low Low 
Maturity of 
technology 
Mature 
technology for 
large-size, gas-
powered systems 
Mature 
technology 
Commercial gas-
fired systems 
available but 
mostly in 
development 
stage 
Safety of 
operation 
LiBr is hazardous 
for health and 
hard to dispose 
Safe Safe 
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Chapter 4: Experimental investigation 
The inefficiencies in the heat and mass transfer process inside the 
adsorber is recognized by many investigators as the main reason for low 
COP and specific cooling power (SCP) of adsorption cooling systems. 
Research groups around the globe [42, 51, 63, 64, 65] agree that two most 
important parameters that must be improved in order to enhance the 
system performance are (a) the ratio of adsorbent (“live”) mass to non-
adsorbent (“dead”) thermal mass, and (b) the overall heat transfer rate, 
both of them must be maximized [51]. This requires increasing 
regeneration and simultaneously minimizing non-adsorbent mass that is 
heated and cooled with the adsorbent, but contributes nothing to the 
cooling effect, thereby lowering COP and SCP.  
Another important criterion in the design of an adsorption cooling 
system is the selection of the adsorbent and adsorbate combination. In the 
previous investigations, the following adsorbent and adsorbate 
combinations have been used most commonly: 
 Silica-gel/water [32, 47, 66] 
 Silica-gel/methanol [67] 
 Zeolite/ water[42, 46, 68] 
 Activated carbon/ammonia [44] 
 Activated carbon/methanol [69, 70] 
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In this chapter, first the experimental set-up has been described 
followed by the criterion utilized to select the adsorbent and adsorbate 
combination. Finally, experimental results are presented. 
4.1. Experimental set-up 
The experimental system as shown in Figure 4.1 includes two 
adsorber vessels, an air-cooled condenser, a tube-in-tube water-cooled 
evaporator, a metering valve, and a secondary circuit to measure the 
refrigeration effect. Two resistance heaters were installed between the two 
adsorbers in order to simulate the solar or waste heat. Two pressure 
transducers (PT), five thermocouples (TC), and a mass flow meter was 
installed at various locations in the system for data collection. All 
temperature, pressure, and mass flow rate data were recorded into a 
computer through a data acquisition system from National Instruments. 
Figure 4.2 shows a photograph of the experimental system.  
4.1.1. System components 
Two adsorber vessels were used to make the adsorption cycle 
pseudo-continuous, where adsorption and desorption occur concurrently 
in different vessels. Both vessels were cylindrical in shape and about 0.11-
m in diameter and 0.19-m tall as shown in Figure 4.3. The cases of these 
units were made from deep drawn stainless steel shells, which were 
reformed to create a dome shape at the ends. The open ends were formed 
to permit the two shells to slip together and be brazed. The reformed ends 
were drilled in a polar array to facilitate installation, removal and 
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replacement of the adsorbent, and the holes were formed into nipples to 
receive the stainless steel tubes, which were brazed in place.   
Total fifty six (56) stainless steel tubes of 4.0-mm diameter and 
0.0508-mm wall thickness were inserted in each vessel to transfer the hot 
and cold air require for heating and cooling the adsorber vessels. The use 
of extremely thin steel tubes allowed decreasing the thermal resistance 
between the adsorbent and the heating/cooling medium as well as 
decreasing the dead thermal mass of the system. Additionally, due to the 
small diameter and high number of tubes, the distance from tubes to any 
point in the adsorber has been decreased, therefore, reducing the effective 
thermal conductance distance.  
The center of one end of each adsorber was equipped with a ½ inch 
NPT fitting to connect to the rest of the system. Each adsorber was 
connected to a tee fitting that had two gate valves. The upper valves 
discharge to the air cooled condenser for which an automotive 
transmission cooler is employed. Total surface area of the condenser was 
0.11 m2. The lower valves permit flow to leave the evaporator and reenter 
the adsorber. The condenser discharge was routed through a sight glass 
and a micrometer-metering valve, which served as an adjustable 
expansion valve into the evaporator. The evaporator was a flat concentric 
coil of aluminum tubing with total tube length of 13 ft and surface area of 
0.12 m2. The chilled water was supplied over the evaporator tubes through 
vinyl tubing using a counter flow tube-in-tube heat exchanger. The chilled 
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water inlet temperature was maintained constant at about 23.5 oC using a 
constant temperature bath.  
 
Figure 4.1. Schematic diagram of the adsorption cooling system 
1. Adsorbers (two), 2. Condenser, 3. Expansion valve, 4.Evaporator, 5. 
Control valves (four), 6. Resistance heater, 7. Activated carbon pellets 
(Aadsorbent), 8. Constant temperature bath, 9. Air supply, TC: 
Thermocouple (five), PT: Pressure transducer (two), MF: Mass flow meter, 
EC: End cap (two). 
 
The adsorbers were housed in a pair of air ducts that route air over 
the adsorbers and are connected at the bottom by a duct fitted with two (2) 
resistive heating elements of 750 Watt capacity. Because the same air 
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passes through the adsorber being cooled and the adsorber being heated, it 
eliminated the need of a separate fluid circuit for the cooling and heating 
of the adsorbers. This also resulted in some heat recovery by extracting 
heat from the vessel finishing desorption (and starting adsorption) to the 
vessel finishing adsorption and must be heated up to desorption 
temperature.  
 
Figure 4.2. Adsorption system experimental set-up 
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Figure 4.3. Top view of the adsorber vessel 
4.1.2. Selection of the adsorbent-adsorbate pair 
Selection of the adsorbent-refrigerant pair depends on many factors 
but primarily depend on the designed temperature range of the cooling 
system. Based on the ASHRAE recommendations, an evaporator 
temperature of 13 oC is chosen and since the experiment is conducted 
inside the lab, a condenser temperature of 35 oC is selected. Table 4.1 
illustrates relevant thermophysical and other properties of various 
refrigerants and adsorbents pairs at 1 atmospheric pressure and 25 oC 
temperature.   
Regeneration temperature of zeolite is higher (> 140 oC) compared 
to activated carbon (AC) and silica gel [25, 42], therefore it is decided to 
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not consider it for this experiment. Water is not chosen here as the 
refrigerant because of its low vapor pressure, requires large pipe sizes and 
also can lead to air leaking into the system. Ammonia is rejected due to its 
toxic nature while methanol also has a negative saturation pressure 
(vacuum) at evaporator temperature, therefore not considered. Although 
affinity of butane and activated carbon is not very high but due to its above 
atmospheric saturation pressure in the chosen temperature range and 
favorable latent heat per unit volume, butane and activated carbon was 
chosen as the working pair. The Ozone Depletion Potential (ODP) of 
butane is zero and the Global Warming Potential (GWP) is about 4.0 
making it an environmentally friendly refrigerant. This combination of 
pair was never tried earlier in an adsorption cooling system, so its novelty 
also provided an added incentive. 
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Table 4.1. Properties of selected adsorbent-refrigerant pairs at 1 atm and 25 oC 
 
 
Adsorbent-
refrigerant 
pair 
Adsorbent 
thermal 
conductivity 
(W m-1 K-1) 
Adsorbent 
specific 
heat  
(kJ m-3 K) 
Latent heat 
at 
1 atm (Pevap) 
(kJ m-3 ) 
Driving 
temperature 
(oC) 
Saturation 
pressure (bar) 
Adsorptivity  
(kg/kg) x 
100 
 @ 13 
oC @ 35 oC 
Silica gel-
Water 0.025 112 1,747 (1,912) 50 ~ 100 0.015 0.056 35.5 
Silica gel-
Methanol 0.025 112 
165 (177) 
 
85 ~ 95 0.122 0.325 50 
Zeolite (13 
X)-Water 0.70 1,391 1,747 (1,912) 140 ~ 300 0.015 0.056 30 
Activated 
carbon-
Ammonia 
0.20 420 493 (437)  120 ~ 300 6.832 13.50 
29 
Activated 
carbon-
Methanol 
0.20 420 165 (177)  
90 ~ 150 0.122 0.325 45 
Activated 
carbon-n-
Butane 
0.20 420 1,640 (1,593) 60 ~120 [71] 1.640 3.266 
25.9 
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Butane cartridges were purchased from local grocery store. A 
sample Cartridge picture is shown in Figure 4.4. About 250 g of butane 
was used to charge the system. Activated carbon was provided by the 
manufacturer “Norit Americas Inc” and a sample is shown in Figure 4.5. It 
was marketed with a brand name “SORBONORIT® 4”, and described as a 
steam activated extruded carbon with a pellet diameter of 4mm. Appendix 
A shows the relevant properties of “SORBONORIT® 4” published by the 
manufacturer . Each adsorber vessel was charged with 750 g of the 
activated carbon. 
 
Figure 4.4. Butane cartridge used as refrigerant in the adsorption system 
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Figure 4.5. Activated carbon sample used as  adsorbent in the adsorption 
system 
4.2. Operating cycle 
The cycle consists of three phases. Assume that the cycle starts 
when adsorber bed 1 (left bed) in Figure 4.1 is finished desorption and bed 
2 (right bed) finished adsorption, and the pressure in the two adsorbers is 
same, because all the valves between the two has been opened allowing the 
pressure to equalize to take advantage of the mass recovery. After a few 
seconds of mass recovery, the valves connecting both adsorbers are closed. 
In the first phase, the heat transfer fluid, which is air, recovers heat from 
the initially hot bed 1, has a further heat addition by electric heaters and 
then proceeds to heat the initially cool bed 2. As the heating of the bed 2 
proceeds, it desorbs refrigerant vapor which is driven into the condenser 
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and bed 1 adsorbs refrigerant vapor from the evaporator which provides 
cooling. Desorbed high pressure refrigerant vapor is condensed to high-
pressure saturated liquid, and then passed through a metering valve to 
lower its pressure and temperature. This low-pressure two-phase mixture 
travels through the evaporator, where it flashes to vapor absorbing heat 
from the cooling load just like in the evaporator of a conventional vapor-
compression system. At the end of phase 1, bed 1 is at evaporator pressure, 
Pe, and bed 2 is at condenser pressure, Pc. In the second phase, all the 
valves are opened between the two adsorbers to accomplish mass recovery, 
by allowing the pressure of the two adsorbers to equalize, which reduces 
the net power consumption. In the third phase, the air flow is reversed, 
hence the air recovers heat from the bed 2, gets heated by the electric 
heater and finally heats bed 1. Bed 2 adsorbs while bed 1 desorbs 
refrigerant vapor in this phase. At the end of phase three, bed 2 is at Pe and 
bed 1 is at Pc. Clapeyron diagram of the complete cycle is shown in Figure 
4.6. Cycle a-b-c-d represents a conventional cycle whereas a-a’-b’-c-c’-d 
represents the heat and mass recovery adsorption cycle. 
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Figure 4.6. Clapeyron diagram of the heat and mass recovery adsorption 
cooling cycle 
4.3. Test results and discussion 
4.3.1. Pressure and temperature histories 
Figure 4.7 shows the variations in the evaporator & condenser 
pressure with time. Cycle time (adsorption-desorption) for the experiment 
was set at 360 s. When the adsorber connected to condenser is heated, the 
pressure rises between the connecting tubing due to desorption of the 
refrigerant vapor. Simultaneously, another adsorber which was connected 
to the evaporator and being cooled causes drop in the evaporator pressure 
due to adsorption of the refrigerant vapor. At the end of half-cycle, when 
all the valves are opened, pressure on both sides reaches an equilibrium 
resulting into some mass recovery. It is clear that although a significant 
variation is visible in pressure variations from one cycle to another, it was 
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possible to obtain about 25 psig pressure difference across the expansion 
valve. Figure 4.8 shows the variations in the chilled water inlet and outlet 
temperature. As can be seen, a drop of about 2.0-3.5 oC is achievable in the 
chilled water temperature. 
The variation in the pressure may be caused by the unsymmetrical 
heating and cooling of the two adsorbers and due to leaks in the adsorber 
vessel. We found that due to weakness in the brazed joints between heat 
transfer tubes and the adsorber vessel, refrigerant started to leak within 
few minutes of starting the experiment. When a leak appears, the whole 
set-up needs to be disassembled, leaks detected and fixed, and then re-
assembled. Additionally, because activated carbon is a strong absorber of 
the water vapor, adsorber vessels used to be heated in an oven for 2-3 days 
and then evacuated using a vacuum pump to desorb the water vapor. All 
these steps used to take about 15-30 days. We have repeated this 
experiment many times but each time system leaks appear. 
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Figure 4.7. Evaporator and condenser pressure variation 
 
 
Figure 4.8. Chilled water inlet and outlet temperature variation in the heat 
exchanger
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4.3.2. Cooling output and COP 
Heat input to the system can be calculated as given in Eq. 4.1: 

t
cycle
in dtqt
Q
0
1 
                       (4.1) 
where inQ is the average heat input rate, q is the instantaneous rate of heat 
input ,  and tcycle is the cycle time. Heat input to the system is controlled by 
connecting the heating element to a VARIAC. Cooling output can be 
calculated by using the following expression: 
 tref w pw in out
cycle 0
1
Q m C T T  dt
t
  
                    (4.2)  
where refQ is the average cooling capacity, wm  is the mass flow rate of 
water, Cpw the specific heat, and Tin & Tout are the temperatures of the 
water inlet and outlet respectively. Finally, the COP can be calculated as: 
in
ref
Q
Q
COP 


                        (4.3) 
Using the above relations, cooling capacity and COP of the system is 
found to be 89.6 W and 0.12 respectively. 
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Chapter 5: Thermo-economic performance comparison of residential solar 
air conditioning systems 
5.1. Introduction 
As per the 2001 Residential Energy Consumption Survey by the US 
Energy Information Administration, Heating, Ventilation and Air 
Conditioning (HVAC) contributed about 30% of residential energy 
consumption in the United States [72]. This number increases to close to 
35-40% for hot arid climates such as Phoenix due to its extreme summer 
temperatures. The conventional vapor compression systems (VCS) are 
prevalent in current households due to their lower initial cost, easy 
availability, mature technology, and high efficiency compared to their 
solar counterparts. However, rising electricity prices, desire for a 
sustainable life-style, and various government incentives are causing an 
unprecedented interest in alternative air conditioning systems, 
particularly solar-powered. The choice can be either heat-activated 
systems which rely on solar thermal energy, such as absorption or 
adsorption system, or photovoltaic-powered conventional VCS. However, 
the question remains as to which system is better based on the thermal 
performance and overall economics. The overall performance of a solar air 
conditioning system dependents on numerous factors such as building 
heating and cooling load profile, solar radiation intensity, type and size of 
solar collector, storage system, control scheme, etc. Due to 
interdependence among these factors, it is important to clearly identify the 
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goals of any study beforehand. The main objective of this work was to 
compare the thermo-economic performance of three types of solar air-
conditioning systems (solar photovoltaic vapor compression, single-effect 
LiBr-H2O solar absorption, and silica-gel/water solar adsorption) to meet 
the cooling and heating demand of a 2,500 ft2 (232 m2) single storey, 
single-family residence in Phoenix, AZ, USA. Solar fraction is commonly 
used to evaluate the thermal performance of solar powered systems which 
was also used as the main criterion in the current study. The economic 
comparison was conducted based on the annualized system cost.  
Parametric studies were conducted to understand the effects of solar 
collector area and storage capacity on solar fraction and annualized system 
cost. Finally, optimum combinations of solar collector area and storage 
size were determined for all three systems.  
The first attempt to compare solar absorption with solar vapor 
compression systems was published in 1981 [73]. The total energy needs of 
the cooling systems rather than the refrigeration cycles were taken into 
account. Both systems were provided with the utility grid power equal to 
the parasitic power requirement of solar absorption system and the rest 
was supplied from solar sources. It was found that solar COP (defined as 
the ratio of the total refrigeration effect and the solar radiation input) of a 
solar vapor compression system was in the range of 0.40 and that of the 
solar absorption system was around 0.25. It was also found that the initial 
cost of a solar cooling system is a function of both its design capacity and 
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the total daily cooling load to be delivered. The analysis was very limited 
because it did not take into account seasonal variations in the solar 
radiation and in the building cooling and heating load. The same author 
published a follow-up paper in 1983 [74] in which comparison was made 
based on the life-cycle cost accounting for both initial and running cost. It 
was found that a PV-assisted vapor-compression system could be cost-
competitive with an absorption system driven by solar thermal energy.  
The next work on this subject was published after two decades in 2002 
[75] comparing the economics of a solar-powered LiBr-H2O vapor 
absorption air conditioning system (both single- and double effect) and a 
vapor compression system for a five-floor student hospital in Alexandra, 
Egypt. The typical meteorological year 2 (TMY2) weather data was used to 
estimate the cooling load for the building. The results showed that the 
double-effect vapor absorption system is the preferred option for its 
minimum present worth value as well as the equivalent annual cost. On 
the other hand, Klein and Reindl [76] concluded that only PV-driven 
cooling would be viable for providing sub-zero (freezing) solar 
refrigeration, compared with an NH3/H2O absorption system, and a 
second thermal system in which solar heat powers a Rankine cycle that in 
turn provides mechanical input to a vapor-compression cycle. In a 
somewhat similar manner, Casals [77] compared local (decentralized) 
solar absorption cooling with cooling provided by centralized solar 
thermal power plants, which generate electricity that is distributed to 
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conventional vapor compression units at the point of use. No clear 
conclusions were reached after a fairly rigorous evaluation of cost and 
other variables. Kim and Infante Ferreira [26] reported a comprehensive 
study of several solar thermal and solar PV cooling systems, based on both 
technical and economic considerations. Their conclusion was that solar 
thermal cooling, in particular a single-effect H2O/aqueous LiBr absorption 
system, followed next by H2O/silica gel adsorption and double-effect 
H2O/aqueous LiBr absorption systems, are more competitive than the 
other solar cooling technologies, including PV-driven systems. Wang and 
team at SJTU published an article in 2009 [78] describing various small-
scale solar powered sorption cooling systems for potential residential 
applications. No technical or economic analysis was performed, instead 
various characteristics such as performance, maintenance, and economic 
viability for each system types was presented. Finally, an extensive 
evaluation of solar cooling technologies coupled with building cooling 
demand for Hong Kong [79] reported that solar PV-driven systems had the 
greatest potential to deliver the highest annual energy savings, compared 
with a number of solar thermal technologies. Cost, however, did not seem 
to be considered in this analysis. 
In summary, relatively few studies have undertaken a technical and, 
perhaps more importantly, an economic comparison between solar 
thermal and solar PV cooling systems. None of the studies relates to a 
residential household. Additionally, the effects of two of the most 
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important parameters--the size of the solar collectors and the storage 
capacity-were not included in any of the studies. Here, we attempt to 
provide answers to the following questions: 
 What percentage of residential cooling and heating load can be 
met by various solar-powered heat pump systems for any given 
collector size and storage capacity? 
 What is the most economical combination of the collector size 
and storage capacity for each type of solar heat pump system? 
 Which of the solar-powered system is most economical for any 
given collector size and storage capacity? 
In this chapter, first the methodology to calculate residential 
heating and cooling load is presented, followed by the simulation models 
for all three types of solar-powered heat pump systems. Next, a framework 
of the comparative study of different scenarios, including solar collector 
area and the storage capacity is presented. Finally, results are presented 
showing the thermal and economical comparison of various systems.  
5.2. Cooling and heating load calculations 
The single family house selected for the case study measures 2,500 
ft2 (232 m2) in livable area and is located in Phoenix, AZ (zip code 85034). 
Hourly cooling and heating load profile (for 8760 hours) was calculated 
using eQUEST, a DOE-2 based building energy simulation tool [80]. 
eQUEST uses a description of the building layout, constructions, operating 
schedules, conditioning systems (lighting, HVAC, etc.) along with TMY2 
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weather data, to perform an hourly simulation of the building energy 
consumption. The prototype building used in the current analysis has 
standard construction for envelope and glazing. The entire living area was 
assumed to be conditioned between 4 pm to 9 am on weekdays and at all 
times of the day during weekends and federal holidays (typical residential 
occupancy). The thermostat settings during the occupied periods were 
fixed at 76.0 oF (24.4 oC) and 71.0 oF (21.7 oC) and during the unoccupied 
period were fixed at 82.0 oF (27.8 oC) and 64.0 oF (17.8 oC) during the 
cooling and heating seasons, respectively [81]. The effect of installing roof-
top solar collectors on heat transfer across the roof is not taken into 
account because it is expected to affect all systems equally. Figure 5.1 
shows the house prototype created in eQUEST. Figure 5.2 depicts the 
monthly heating and cooling load profile generated by eQUEST. It is clear 
that July and August requires the most cooling and December and January 
the most heating. The cooling and heating load in Figure 5.2 does not 
include parasitic loads, such as those to run ventilation fans. Figure 5.3 
shows the electricity consumption, if cooling and heating was provided by 
a heat pump unit with a Seasonal Energy Efficiency Ratio (SEER) rating of 
10.0 and the Heating Seasonal Performance Factor (HSPF) of 7.7. 
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Figure 5.1. Single family house prototype in eQUEST 
 
 
Figure 5.2. Monthly heating (heat addition) and cooling (heat removal) 
load profile 
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Figure 5.3. Monthly heating and cooling energy consumption profile, 
assuming an electric heat pump with SEER = 10.0 and HSPF=7.7 
5.3. Description of solar thermal systems 
5.3.1. System configuration 
The complete system layout for both adsorption and absorption 
systems (also referred together as “sorption system” in this chapter) is 
illustrated in Figure 5.4. It includes a solar system collector array, a 
thermal storage tank, an adsorption/absorption heat pump unit, and an 
auxiliary heat supplying unit such as a gas heater. There are three different 
loops in the system: the solar collection loop between the solar collector 
and the thermal storage tank, the hot water loop between the storage tank 
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and the heat pump, and the chilled air loop between the heat pump and 
the conditioned space. The auxiliary heating is provided by a gas heater.  
Options for the solar collector can vary significantly in complexity. 
These options can be roughly categorized as the following: flat plate, 
evacuated tube, and concentrating collectors.  In order to choose between 
these, one must define the temperatures needed to run the solar thermal 
heat pump system. Silica-gel water adsorption systems can operate at a 
driving temperature as low as 55 oC and at a COP of 0.5 [27]. Technically, 
all three types of collectors can provide this driving temperature, but flat-
plate collectors were chosen for the adsorption system because they are 
relatively cheaper. Single-effect LiBr-H2O absorption systems can operate 
at a driving temperature as low as 75 oC at a COP of 0.75 [27]. The flat-
plate collectors will not be able to provide this temperature for a 
significant part of the year. Hence, evacuated tube collectors were chosen 
for absorption system.  
The thermal storage tank used in the analysis is a standard 
cylindrical tank with a length-to-diameter ratio of 2.0. The maximum 
temperature of the hot water in the storage tank was limited to 95 oC to 
avoid any potential safety issues due to above atmospheric pressures as 
this system is installed in a residential setting.  
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Figure 5.4. Schematic of solar thermal adsorption/absorption heat pump 
5.3.2. Mathematical modeling and simulation  
The TMY2 hourly mean incident solar radiation data for Phoenix 
were obtained from the National Solar Radiation Database [82]. The 
average hourly efficiency of both flat-plate and evacuated-tube collectors 
was calculated using Eq. 5.1 [83]: 
   
2
1 2
      
m am a
tc oi
t t i
T TT Ta a a
I I

                   (5.1) 
where i is the number of hours (1,2,…….8760), ηtc the thermal collector 
efficiency, Tm the mean collector temperature, It the total solar radiation, 
and Ta the ambient temperature. The constants a0, a1, and a2 are obtained 
experimentally and depends on collector geometry and type. For our 
analysis we chose the following constants to represent selected commercial 
evacuated tube (Apricus 30) and flat plate (AE-40) collectors, respectively:  
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a0 = 0.39 and 0.69, a1 = 0.83 and 3.39, a2 = 4.7 x 10-3 and 1.9 x 10-3 [84, 
85]. The reference provides constants based on the absorber area which 
was then converted to gross area.    
Mean collector temperature was calculated by averaging the 
collector inlet and exit temperatures as shown in Eq. 5.2:    
 
2
    
in out
m i
i
T TT
                      (5.2) 
where Tin is the collector inlet temperature and Tout the collector exit 
temperature. The useful heat and exit temperature from the collector were 
calculated using Eqs. 5.3 and 5.4 respectively.    
  tc
tc
if  0F=0
    where 
F=1 if  0u tc t tcii
Q F I A
           

                            (5.3) 
       


u
out ini
tc tc pw i
QT T
m A C                      (5.4) 
where uQ  is the useful heat, Atc the area of the thermal collector,  tcm the 
mass flow rate of water through collector, and Cpw the specific heat of 
water. F is a flag which turns-off the circulation pump in the collector loop 
when collector efficiency drops below zero to avoid cooling of the storage 
water.  
The water temperature in the thermal storage tank at any hour can 
be evaluated from Eq. 5.5: 
( )          
 s
s pw u solar s s s a i
dTM C Q Q U A T T
di                    (5.5) 
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where Ms is the mass of water in the storage tank which is calculated by 
dividing the storage volume by the water density, Ts the temperature of 
water in the storage tank, Us the overall coefficient of heat loss from the 
storage tank, and As the surface area of the storage tank. 

solarQ is the solar 
heat contribution to operate the sorption machine. By applying the finite 
difference method and considering an unstratified tank, the water 
temperature in the storage tank can be calculated as shown in Eq. 5.6: 
1
( ) ( )u solar s s ai i i
s s
s pw
Q Q UA T T
T T
M C
      
 
                    (5.6) 
where 1isT
 is the temperature of the water in the storage tank at hour 
equal to i + 1 and isT  the temperature of the water at hour i.   
  
The total heat required to run the thermal air conditioning machine 
is equivalent to the total cooling and heating load divided by the coefficient 
of performance (COP) of the machine. Additionally, the total required heat 
is provided first from the storage tank (solar component) and if necessary, 
the remainder from the gas heater as formulated in Eq. 5.7:   
 
cool heat
req solar auxi i
i
Q Q
Q Q Q
COP
           
   
                    (5.7) 
where  reqQ is the required heat, coolQ the heat to be removed from the 
conditioned space, heatQ  the heat to be delivered to the conditioned space, 
and auxQ the auxiliary heat provided by the gas heater to meet the heating 
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requirement. For the simplicity of the analysis, the cooling and heating 
COP of the sorption systems is assumed the same because that’s how it is 
typically reported in the literature [25, 27].    
The maximum useful heat in the storage tank which can be supplied 
to the sorption system is a function of the regenerator heat exchanger 
effectiveness, storage temperature, and the minimum driving 
temperatures of the sorption system: 
s minmin
s min
 T >T( )
 
  0  T T
reg pw s
av i
i
ifm C T T
Q
if
         
 
                     (5.8) 
where avQ is the maximum useful heat in the storage tank, ε the 
regenerator heat exchanger effectiveness,   regm the mass flow rate through 
the regenerator, and Tmin the minimum driving temperature of the 
sorption system.  
The solar heat contribution is calculated as: 
   
  
   >  
av reqav
solar i
req av req i
if Q QQ
Q
Q if Q Q
          
    
                    (5.9)
 
Finally, two temperature conditions were applied as shown in Eqs. 
5.10 and 5.11. First, the maximum temperature in the storage tank cannot 
exceed 95 oC and second, the inlet temperature to the solar collector is 
equal to the water temperature in the storage tank:   
  omax  95 Cs iT 
                     (5.10) 
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    in si iT T
                      (5.11) 
The above sets of equations (5.1 to 5.11) were solved explicitly in 
Matlab for i=1 to 8760 hours. A flow chart of the simulation program is 
given in Figure 5.5. Table 5.1 shows the values of different parameters used 
in the sorption system simulation. 
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Figure 5.5. Solar thermal systems simulation program flow chart 
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Table 5.1. List of parameters and their values used in the sorption system 
simulation 
Parameters Value 
(adsorption/ 
absorption) 
Unit 
Zero-loss efficiency, a0 0.69/0.39  
1st order heat loss coefficient, a1 3.39/0.83  
2nd order heat loss coefficient, a2 0.0019/0.0047  
Coefficient of performance, COP 0.50/0.75  
Density of water, ρ 1,000 kg m-3 
Mass flow rate in the storage-
regenerator loop, regm  0.40 kg s-1 
Maximum thermal storage tank 
temperature, Tmax 
95 oC 
Minimum driving temperature, Tmin 55/75 oC 
Reference ambient temperature, To 25 oC 
Regenerator heat exchanger 
effectiveness, ε 0.7  
Specific mass flow rate in the 
collector-storage loop, cm  
0.02 [79] kg s-1 m-2 
Specific heat of  water, Cpw 4.186 kJ kg-1 °C -1 
Thermal storage tank overall heat 
loss coefficient, Us 
0.2837 [83] kW m-2 oC-1 
5.4. Description of solar photovoltaic system 
5.4.1. System configuration 
As shown in Figure 5.6, the solar electric system is comprised of 
four major components: PV modules, inverter, battery, and vapor 
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compression heat pump unit. The system is similar to the conventional 
residential units except the source of electricity, which is solar PV array in 
this case. The battery storage in the solar PV system plays a similar role as 
the thermal storage tank in sorption systems. The heat pump used in the 
study is the YHJD LX series model manufactured by York [86]. The SEER 
for the heat pump is 13. The heating seasonal performance factor (HSPF) 
of the heat pump is 9.0. The HSPF is the ratio of the total thermal output 
(in British Thermal Units) to the electricity (in Watt-hour) consumed 
during a normal heating season.  
solarE
auxE
reqE
 
Figure 5.6. Configuration of solar PV heat pump 
5.4.2. Mathematical modeling and simulation 
The hourly mean kWh energy outputs from photovoltaic panels 
were obtained from the PVWatts calculator developed by the National 
Renewable Energy Laboratory (NREL) [87]. Using the TMY2 weather data 
for the selected location, the PVWatts calculator determines the solar 
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incident radiation of the PV array and the PV cell temperature for each 
hour of the year. The Direct Current (DC) energy for each hour is 
calculated from the PV system DC rating and the incident solar radiation 
and then corrected for the PV cell temperature. The AC energy for each 
hour is calculated by multiplying the DC energy by the overall DC-to-AC 
derate factor and adjusting for inverter efficiency as a function of load. 
PVWatts uses a default derate factor of 0.77 which is also used in this 
analysis. The maximum Depth of Discharge (DOD) of the battery bank is 
assumed to be 0.8 [88]. The DOD refers to the amount of energy that has 
been removed from a battery (or battery pack) and usually expressed as a 
percentage of the total capacity of the battery. The solar PV simulation is 
set-up in a way that primary source of the electricity to run the heat pump 
is obtained from the solar system and any auxiliary demand is met by the 
grid power. Table 5.2 shows the values of different parameters used in the 
solar PV system simulation. 
Table 5.2. List of parameters and their values used in the solar PV heat 
pump simulation 
Parameter Value Unit 
DC to AC derate factor, df 0.77 - 
Battery maximum depth of discharge, DOD 0.8 - 
Heat pump SEER rating 13.0 - 
Heat pump HSPF rating 9.0 - 
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5.5. Thermal performance comparison criteria 
The sizing of a solar heat pump system depends on many 
subsystems including the heat pump unit, solar collector array, storage 
system, etc. Typically, a heat pump unit is sized to meet the peak building 
load, however sizing the solar collector array and storage system to meet 
the residential peak load is either not possible or prohibitively expensive. 
The reason is that meeting peak building cooling load in hot climates like 
Phoenix using 100% solar energy requires collector and storage sizes 
exceeding the available roof/floor area. But due to different operating 
characteristics, it is natural to ask which of the three systems can provide 
higher solar contribution for a given collector and storage size. Solar 
contribution was measured as solar fraction (SF). The SF is the portion of 
solar energy contribution as compared to the total energy required to drive 
the heat pump unit. In this study, the SF is defined below in Eqs. 5.12 and 
5.13: 
For solar PV heat pump system, 
1
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m
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m
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For solar thermal heat pump system, 
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where solarW is the solar electric gain from PV panels, reqW the total energy 
required to drive the heat pump, and m the total number of time steps. 
5.6. Economic analysis 
5.6.1. Costs components 
The total cost of any system consists of three main components, 
namely the initial cost, the operating cost, and the maintenance cost. The 
following section describes each of these components as relates to the 
current study. 
5.6.1.1. Initial cost 
The main components of a solar thermal heat pump considered in 
the initial costs calculation include the solar collector array, the thermal 
storage tank, the auxiliary gas heater, and the sorption heat pump unit. 
Additional equipment such as circulation pumps, piping, controls, are not 
considered because they are relatively less expansive and the difference in 
their costs between the three systems can be assumed to be negligible. 
The initial cost of a flat plate and an evacuated tube solar collector 
was estimated to be about $209/m2 and $279/m2 of gross collector area 
respectively [89]. The cost of thermal storage tanks is primarily a function 
of the tank size - however, it can also depend on the manufacturer, type, 
and quality of the storage tank material. Also, costs for all tank sizes 
included in this study were not available on any of the vendor’s website. 
Based on the available prices on the web for different sizes of tanks [90] 
and quotes received from one of the manufacturer [91], a linear curve was 
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fitted to estimate prices of any intermediate tank size. Eq. 5.14 shows the 
storage tank cost function used in the analysis: 
CIs = 779.11 x Vs + 264.96  
for 75 gallons (0.284 m3) <Vs< 11,60 gallons (4.391 m3)               (5.14) 
where CIs is the initial cost of thermal storage tank and Vs the storage tank 
volume.  
The gas heater was sized in a way that it can provide the maximum 
heat rate required during a year to meet the auxiliary thermal energy 
requirement. The initial cost of the gas heater was assumed to be $1,000 
per therm capacity [92]. Sorption heat pump cost is difficult to estimate, 
since with the exception of some absorption systems, not many 
residential-scale systems are in the market. Therefore, conservatively the 
initial cost for an adsorption/absorption unit was assumed to be $20,000.  
The main components of a solar PV system include the PV module, 
battery bank, inverter, and a vapor compression heat pump unit. The 
associated costs for each component were obtained from a variety of 
references that compile average prices. 
For the PV module, not including the inverter, initial costs was 
estimated at $4,80o/kW [93]. Inverter cost was obtained from multiple 
sources and found to be about $1,000/kW [94, 95]. Electrical energy 
storage cost for battery storage was estimated at $150/kWh [96]. The cost 
of a 5 ton air source heat pump unit was estimated at $5,350 [97]. 
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Table 5.3 shows the estimated initial costs for all three systems. It also lists 
useful life span of all the components. 
5.6.1.2. Operating cost 
Operating costs include the cost of natural gas for solar thermal 
systems and cost of grid electricity for the solar PV system. The small 
amount of electricity required to operate pumps in the thermal collector 
loop, regenerator loop, and for the absorption machine was neglected in 
the analysis. The annual operating cost of thermal systems was calculated 
by multiplying the unit gas cost and the annual gas consumption: 
8760
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where COth is the operating cost of the thermal systems, GC the unit gas 
costs, and EF the energy factor. Energy factor is an overall efficiency rating 
of the gas water heater and is assumed to be 0.9 in this analysis. The 
natural gas cost was assumed to be $1.17/therm in this analysis [98]. To 
estimate the operating cost of the solar PV system, the average cost of 
electricity was assumed to be $0.12/kWh [99]. 
5.6.1.3. Maintenance cost 
The maintenance cost depends on a large number of variables such as 
local labor rates, labor experience, equipment run time, etc. Considering 
that these are small-scale residential systems, maintenance cost can be 
assumed to be negligible compared to the initial and operating cost. 
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Additionally, the difference between the three systems can be assumed to 
be minimal. Hence, the maintenance cost was neglected in this analysis.    
Table 5.3. Component costs used in the economic analysis of the three 
systems 
Component Cost Unit Useful Life 
Solar adsorption system 
Thermal heat pump $20,000 $/unit 15 
Collector (flat plate) $209 $/m2 20 
Storage tank Eq. 5.12 $/m3 20 
Gas heater $1,000 $/therm 20 
Natural gas $1.17 $/therm - 
Solar absorption system 
Thermal heat pump $20,000 $/unit 15 
Collector (evacuated) $279 $/m2 20 
Storage tank Eq. 5.12 $/m3 20 
Gas heater $1000 $/therm 20 
Natural gas $1.17 $/therm - 
Solar photovoltaic system 
Air source electric heat 
pump $5,350 $/unit 15 
Photovoltaic collector $4,800 $/kW 20 
Battery $150 $/kWh 7 
Inverter $1000 $/kW 10 
Electricity $0.12 $/kWh - 
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5.6.2. Economic comparison criteria 
Several economic criteria have been proposed and used for 
evaluating solar energy systems, and there is no universal agreement on 
which should be used [83]. The present worth cost (PWC) [100] and 
equivalent annual cost (EAC) [75] methods are normally used to evaluate 
the life-cycle costs of HVAC systems. The EAC comparison method is one 
of the most convenient methods, particularly for systems that are 
composed of several subsystems with unequal life spans. This work utilizes 
the EAC method because subsystems in both sorption system and solar PV 
system have unequal useful life spans. With the EAC method, all the costs 
occurring over a period are converted to an equivalent uniform yearly 
amount. This method does not require the assumption of replacement of a 
system. 
The EAC for sorption system is the summation of the EAC values 
for the thermal collector, storage tank, gas heater, absorption/adsorption 
heat pump, and the annual operating cost:  
EACts = EACtc + EACs + EACgh + EACthp+ COts                         (5.16) 
where EAC represents the equivalent annual cost and the subscripts ts, tc, 
s, gh, and thp represents thermal system, thermal collector, storage tank, 
gas heater, and thermal heat pump respectively.  
The EAC for solar PV system is the summation of the EAC values 
for the solar photovoltaic, Battery storage, inverter, VCS heat pump, and 
the annual operating cost:  
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EACspv = EACpv+ EACbatt + EACinv+ EAChp+ COspv                        (5.17) 
where subscripts spv, pv, batt, inv, and hp represents solar PV air 
conditioning system, photovoltaic collector, battery storage, inverter, and 
conventional heat pump respectively. Equation 5.18 was used to calculate 
the EAC: 
1
1 1
N
N
r rEAC  CI
r
( )
( )
                                   (5.18) 
where CI is the initial cost, r the interest rate, and N the life span of 
components. The interest rate was assumed to be 8% in this analysis. 
5.7. Results and discussion 
5.7.1. Thermal performance comparison 
As explained in section 5.1, the objective here is to compare the 
thermal performance based on solar fraction of solar thermal and solar PV 
heat pump systems as a function of collector size and the storage capacity. 
The collector for the thermal systems is the solar thermal collector array 
and for the electric system the PV array, and their size is defined as the 
surface area directly exposed to the solar radiation. The storage capacity is 
difficult to compare. The electric system in this analysis stores energy as 
electric charge in a battery bank, whereas thermal systems store energy as 
hot water in a thermal storage tank. Considering the different nature of 
storage, it was determined that “exergy capacity” is a better parameter to 
compare the storage capacity of each system. For the electric system, 
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electricity storage capacity is the same as the “exergy capacity”. For 
thermal systems, the “exergy capacity” is defined as follows:  
0
0 1( ) *
     s s pw s s
T
Ex M C T T
T                         (5.19) 
where Exs is the exergy capacity of the thermal storage system and T0 the 
reference temperature (assumed 25 oC = 298 K in this analysis).  
Figure 5.7 shows the monthly annual profiles of solar fraction for 
different systems at a fixed collector area of 50 m2 and exergy storage 
capacity of 25 kWh. The first important observation from Figure 5.7 is that 
except for a few months in a year (March, April, and November), none of 
the solar systems is capable of providing 100% of the required energy. 
Solar fraction is as low as 35-40% for the thermal systems and 45% for the 
electric system during the summer peak months of July and August. Also, 
the solar PV system provides maximum solar fraction among all systems 
for every month of the year. Generally, the solar fraction is less than one, 
indicating that just the solar electric or thermal gain acquired from the 
solar collectors is not sufficient to fully drive the respective solar heat 
pump systems.   
Figure 5.8 shows a three-dimensional plot to demonstrate the effect 
of the storage capacity and the collector area on annual average solar 
fraction for the adsorption heat pump. As can be seen here, the solar 
fraction increases by increasing the collector area but the rate of increase 
decreases continuously. Figure 5.9 and Figure 5.10 show the effect of 
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increasing the exergy storage capacity and the collector area respectively 
on annual average solar fraction for all three systems. Due to the lower 
COP of thermal systems, their annual average solar fraction is mostly 
inferior to the solar electric system. The lower COP means the same exergy 
storage capacity provides less cooling and heating to the building. 
However, solar adsorption performs better compared to the absorption 
system because it can provide cooling at lower generation temperatures.  
 
Figure 5.7. Monthly solar fraction of the combined cooling and heating 
energy requirement at a fixed collector area of 50 m2 and exergy storage 
capacity of 25 kWh 
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Figure 5.8. Effect of the collector area and storage capacity on annual solar 
fraction for an adsorption heat pump 
 
Figure 5.9. Effect of storage capacity on annual solar fraction at fixed solar 
collector area of 50 m2 
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Figure 5.10. Effect of solar collector area on annual solar fraction at a fixed 
exergy storage capacity of 25 kWh 
5.7.2. Economic comparison 
Comparing the annualized cost contribution due to initial and 
operating costs for each component reveals some interesting results as 
shown in Figure 5.11. The comparison is based on a fixed collector area of 
50 m2 and a fixed exergy storage capacity of 25 kWh. Whereas the solar 
fraction of the solar PV system is almost always better, the annualized cost 
of running a thermal system is slightly better. This is due to the relatively 
higher cost of solar PV arrays compared to the solar thermal collectors. 
Additionally, the storage cost is also higher for the electric system. To be 
competitive with the solar thermal systems, PV panel prices must drop by 
about 30%. However, initial cost of the heat pump unit for thermal 
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systems is almost four times higher compared to the electric system and 
future success of these systems strongly depends on reducing the initial 
cost. As expected, the annualized cost of a conventional VCS heat pump 
powered by utility grid is significantly better. If solar thermal systems need 
to be competitive with the conventional VCS then prices for thermal 
collector and thermal heat pump unit (assuming all other prices remain 
same) must drop by about 70%.  If solar PV system needs to be 
competitive with the conventional system then prices for photovoltaic 
panel, battery storage, and inverter must drop by about 75-80%. If 
comparison is based on the % GHG reduction, then based on the 
Greenhouse Gas (GHG) emission factors for the electricity in the AZNM 
region [101] and for natural gas [102], the adsorption system reduces GHG 
emissions by 19%, absorption system by 38%, and solar PV system by 67%. 
Similar conclusions can be drawn from Figure 5.12 which shows the 
variation in annualized total cost as a function of the storage capacity at a 
fixed solar collector area of 50 m2. It turns out that solar PV is more 
expansive than either of the thermal systems. However, which one of the 
solar systems is better depends on the range of storage capacity. Below 20 
kWh storage capacity, absorption is a better option and above that 
adsorption. This can be explained by the fact that smaller storage capacity 
results in higher storage temperature required to drive the absorption 
system. Since an adsorption system requires lower driving temperature, a 
larger storage will be more economical. 
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If the solar collector area is increased and the storage capacity is 
kept fixed at 25 kWh, the results in Figure 5.13 show that each system has 
their best performance in a certain operating range. The solar electric 
system fares better below 30 m2, absorption system between 30 – 40m2, 
and the adsorption system above that. This trend is due to the relative cost 
of the solar collectors for all three systems. Due to fixed storage capacity, 
the additional solar collector area may increase the cost linearly but does 
not increase the cooling output in the same ratio. The Solar PV array being 
most expensive makes the solar PV system higher cost at larger collector 
area.  
 
Figure 5.11. Annualized component costs for three systems at a fixed 
collector area of 50 m2 and exergy storage capacity of 25 kWh 
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Figure 5.12. Effect of storage capacity on annualized system cost at a fixed 
collector area of 50 m2  
 
Figure 5.13. Effect of the solar collector area on annualized system cost at a 
fixed exergy storage capacity of 25 kWh 
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Table 5.4 shows the optimum combination of collector area and 
exergy storage capacity and corresponding EAC for all three types of 
systems. The solar PV system has the lowest EAC and adsorption the 
highest. However, adsorption system also has the highest solar fraction 
and hence smallest need for the auxiliary energy. The last column also 
shows the %GHG reduction compared to the conventional VCS. The 
negative %GHG reduction for the absorption unit is due to higher 
emissions from natural gas burning in the auxiliary gas heater compared 
to emissions associated with electricity for the AZNM region. Due to only 
17% solar fraction for the absorption unit, remaining 83% energy is 
provided by the natural gas powered heating.  
Table 5.5 shows that if the minimum solar fraction is limited to 50% 
then the EAC for all three systems is almost equal except the fact that 
adsorption system provides about 20% more solar contribution.   
Table 5.4. Optimum combination of collector area and storage capacity 
System type Collector 
area  
(m2) 
Storage 
capacity 
(kWh) 
Equivalent 
annual cost 
($) 
Solar 
fraction 
% GHG 
reduction 
Adsorption 40 40 (≈682 
gallons) 
$4,268 65.0% 30.4% 
Absorption 10 10 (≈170 
gallons) 
$3,992 17.1% -9.7% 
Solar PV 10 10 $2,637 25.0% 25.0% 
 
 98 
 
Table 5.5. Optimum combination of collector area and storage capacity for 
a minimum solar fraction of 50.0% 
System type Collector 
area  
(m2) 
Storage 
capacity 
(kWh) 
Equivalent 
annual cost 
($) 
Solar 
fraction 
% GHG 
reduction 
Adsorption 40 40 (≈682 
gallons) 
$4,268 65.0% 30.4% 
Absorption 30 45 (≈765 
gallons) 
$4,237 50.0% 33.8% 
Solar PV 20 30 $4,122 53.3% 53.3% 
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Chapter 6: Conclusions and future work 
The world is grappling with two serious issues related to energy and 
climate change. Air-conditioning plays a vital important role in both. 
While the common refrigerants utilized in the conventional air-
conditioning systems contributes to global-warming, a primary reason for 
the climate change, the higher temperatures lead to greater air 
conditioning use, creating a positive feedback. Research and development 
of alternative forms of air-conditioning systems is extremely important to 
break this vicious cycle. The research reported in this dissertation has 
attempted to investigate feasibility of small-scale thermal-powered 
adsorption cooling systems. A novel bench-scale adsorption system 
prototype using a novel adsorbent-refrigerant pair of activated carbon and 
butane was developed and experiments conducted. Also, numerical 
simulations were conducted to compare thermo-economic performance of 
various solar powered air conditioning systems based on the solar 
collector size and storage capacity. The conclusions and suggested future 
works are as follows: 
6.1. Conclusions 
From the simulation results comparing the adsorption, the 
absorption, and the desiccant system, it is shown that adsorption and 
absorption system provides similar cooling output except the fact that only 
adsorption system can operate at generation temperatures below 65 oC. 
This is an important result because temperatures in this range can be 
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provided by flat-plate solar collectors, an inexpensive type of thermal 
collectors. But, it was also found that an adsorption system is less efficient 
(low COP) than a comparable absorption system. The performance of a 
desiccant system is in the middle of these two systems but its inability to 
operate in certain ambient conditions makes it an unlikely future solution. 
Further comparisons were made based on the available system size, 
specific cooling power, maturity of technology, and safety of operation. 
Except having lower specific cooling power, adsorption systems were 
found to be a better option.  
To further investigate the feasibility of small-scale adsorption 
cooling systems, a bench-scale prototype was developed and tested. The 
prototype employed a novel design to accomplish heat and mass recovery 
and improved heat transfer throughout the adsorber chamber. 
Additionally, a novel adsorbent-refrigerant pair of activated carbon and 
butane is used. The cooling capacity of the prototype was estimated to be 
about 89.6 W and tested COP was about 0.12. Although, COP was lower 
compared to other larger systems reported in the literature (typical COP 
ranges between 0.3-0.7), it was still considered a relative success due to 
first such known attempt on small-scale adsorption system. The design 
also had few shortcomings, particularly in the sealing of the system. The 
system developed leaks with-in a short interval after being exposed to heat 
at brazed joints of adsorber vessel and heat transfer tubes.  
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The final analysis undertaken in this work was to compare the 
thermo-economic performance of different solar-powered heat pump 
systems for a single-family residential household in Phoenix, AZ. An 
energy simulation model was developed in eQUEST to estimate the hourly 
cooling and heating load. The thermal performance comparison was based 
on the solar fraction (% solar contribution to the total load) for various 
sizes of solar collector area and storage capacity. It is shown that a solar 
photovoltaic powered vapor compression system provides the highest 
solar fraction in comparison to solar thermal powered adsorption and 
absorption system for collector area of 50 m2 and exergy storage capacity 
of 25 kWh. The solar fraction increases by increasing the collector size and 
the storage capacity. However, there exists a point after which increasing 
the storage size for a fixed collector area and vice versa ceases to have any 
impact on the solar fraction.   
The economic comparison based on the equivalent annual cost has 
shown that operating a thermal system is slightly better for 50 m2 collector 
area and 25 kWh exergy storage capacity. This is due to relatively higher 
cost of solar PV arrays and battery storage. It is also shown that at a fixed 
solar collector area of 50 m2, an absorption system is more economical 
below 20 kWh exergy storage capacity and adsorption system above 20 
kWh. For a fixed exergy storage capacity of 25 kWh, the solar electric 
system fares better below 30 m2 solar collector area, absorption system 
between 30 – 40m2, and adsorption system for larger than 40m2 solar 
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collector area.  The 0ptimum combination of collector area and exergy 
storage capacity is also determined for each system.  
6.2. Future work 
Experimental works in this study have shown some potential for 
small-scale adsorption cooling system. Also, numerical simulations have 
shown their suitability at lower generation temperatures and economic 
equanimity compared to other competitive solar technologies. The 
following questions, however, should be addressed in future work: 
1. Heat transfer between the adsorbent particles in the adsorber and at 
the interface of adsorbent and heat exchange should be improved in 
order to reduce the volume of the adsorption chiller. The present work 
made an attempt by distributing the heat exchanger tubes throughout 
the adsorber to reduce the effective conductance length. However, 
further research is required in either finding new adsorbent material 
with high-thermal conductivity and/or other innovative heat transfer 
schemes. Further, a real-life size experimental system must be built 
and tested to get more in-sight in the actual system performances. 
2. The thermo performance analysis presented in Chapter 5 assumed 
constant COP for all three systems whereas solar system performance 
and building load was calculated on hourly basis for one year period. 
The next step in the analysis to have the complete system coupled 
dynamically and simulation is done for 8,760 hours to predict the 
system performance. Additionally, the analysis restricts the available 
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solar hot water/ electricity to the cooling and heating needs and any 
excess capacity particularly during winter months is wasted. However, 
further improvements in the model can be made where any excessive 
hot water can be utilized for other end-use (such as shower, dish-
washer etc.) and electricity for lighting purpose or to sell back to the 
utility.  
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